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The  key  objective  of  this  study  is  to  evaluate  and  compare  the  main  environmental  life  cycle  impacts  and 
energy  balance  of  ethanol  from  sugarcane  and  biodiesel  from  soybean  and  palm  oil,  in  the  Brazilian 
conditions.  The  methodological  tool  used  was  the  Life  Cycle  Assessment  (LCA),  in  Well-To-Tank  (WIT) 
perspective.  A  process  based  on  cradle-to-gate  attribution  LCA  method,  was  applied  as  the  technique  to 
assess  the  health  and  environmental  impacts  of  ethanol  and  biodiesel  production  systems.  The 
environmental  assessment  was  carried  out  using  the  SimaPro  7.0.1  software  and  the  CIVIL  2  baseline 
2000  methodology,  developed  by  the  Institute  of  Environmental  Sciences  (CIVIL).  The  assumed  common 
analysis  base  in  this  paper  was  1.0  MJ  of  energy  released  by  combustion  of  the  analyzed  biofuels.  The 
environmental  impacts  were  quantified  and  ranked  in  categories  of  impacts:  Abiotic  Depletion  Potential 
(ADP),  Global  Warming  Potential  (GWP),  Human  Toxicity  Potential  (HTP),  Acidification  Potential  (ACP) 
and  Eutrophication  Potential  (ETP).  In  addition,  the  results  were  compared  by  meta-analysis  with 
previous  published  studies.  The  Net  Energy  Relation  (NER)  in  the  life  cycle  of  biofuels  is  an  important 
indicator  of  the  technical  and  environmental  performance  evaluation  of  biofuels  production.  In  this 
study  the  NER  of  ethanol  and  biodiesel  from  soybean  and  palm  oil  were  estimated  and  compared  with 
previous  published  studies.  Direct  and  embodied  energy  inputs,  based  on  defined  system  boundaries, 
were  used  to  estimate  the  energy  requirement  of  crops  production,  juice/oil  extraction,  and  ethanol/ 
biodiesel  industrial  production.  It  is  possible  to  conclude,  that  biofuel  production  systems  with  higher 
agricultural  yields  and  extensive  use  of  co-products  in  its  life  cycle  present  best  environmental  results. 
The  analysis  of  obtained  results  shows  that  the  choices  of  co-products  allocation  method,  transport 
distance  and  inventory  database  of  the  country,  have  significant  influence  on  the  results  of  the  life  cycle 
environmental  performance  of  biofuels. 
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1.  Introduction 

Currently,  the  quest  for  alternatives  scenarios  to  fossil  fuels  can 
be  observed  in  the  transport  sector,  supplied  mostly  with 
petroleum-based  products,  responsible  for  19%  of  the  global 
consumption  of  energy  and  for  25%  of  C02  emissions  [1],  The 
use  biofuels  has  stronger  expansion  in  relation  to  other  alterna¬ 
tives,  such  as,  fuel  cells,  natural  gas  and  electric  vehicles.  The 
main  driving  forces  of  biofuels  production  seems  to  be  the 
renewability  of  this  resources,  the  energy  security  provided  by 
diversified  supply,  the  climate  change  mitigation,  and  the  creation 
of  new  alternatives  for  agriculture,  also  including  the  appeal  of 
new  jobs  [2-6], 

It  is  well  known  that  biofuels  are  defined  as  fuels  produced  from 
biological  resources,  synthesized  directly  or  indirectly  through  photo¬ 
synthesis.  Biofuels  are  derived  from  crops,  such  as,  corn,  soybeans, 
sugarcane,  sugar  beets,  wheat,  barley,  cassava  (first  generation  bio¬ 
fuels)  or  agricultural  lignocellulosic  biomass,  which  are  either  non¬ 
edible  residues  of  food  crop  production  or  non-edible  whole  plant 
biomass  (second  generation  biofuels)  [7-10], 

The  liquid  biofuels  that  are  largely  produced  and  consumed  are 
biodiesel  and  ethanol,  which  substitute  fossil  diesel  and  gasoline, 
respectively.  They  can  be  produced  through  chemical  conversion 
(acid  hydrolysis,  transesterification/esterification,  supercritic  fluid 
extraction,  aqueous  phase  reforming),  biological  conversion  (fer¬ 
mentation,  anaerobic  digestion,  enzymatic  hydrolysis,  photoche¬ 
mical  conversion),  thermochemical  conversion  (combustion, 
gasification,  pyrolysis,  liquefaction),  or  simply  by  mechanicals 
ways  (comminution,  pelletizing,  etc.)  [11-17], 

Over  the  last  ten  years  biofuels  production  worldwide  has 
increased  dramatically.  With  regards  to  ethanol,  the  production 
is  concentrated  mainly  in  the  USA  and  Brazil.  It  is  estimated  that 
these  two  countries  accounted  for  about  80%  of  the  whole  world 
production  as  recorded  in  2009  and  it  is  expected  to  reach  100 
billion  liters  in  2015.  Between  2000  and  2009  fuel  ethanol  output 
experienced  an  increase  from  16.9  to  72.0  billion  liters  [18-21]. 

In  Brazil  the  ethanol  production  reached  27.5  billion  liters  in 
2009  and  2010/2011  harvest  was  estimated  to  reach  almost  30.0 
billion  liters.  Brazil  produces  more  than  30%  of  the  world's  ethanol, 
being  its  production  concentrated  in  the  Center-South  region, 
especially  in  the  Sao  Paulo  State,  which  accounts  for  59%  of  the 


national  production.  About  80%  of  the  production  is  consumed 
domestically,  where  ethanol  currently  replaces  40-45%  of  the 
gasoline.  Brazil's  national  market  growth,  forces  this  sector  to 
offer  solutions  to  land  use  and  sustainability  issues,  to  be  able  to 
maintain  investments  and  its  leadership  [20-24], 

With  regards  to  biodiesel,  between  2000  and  2009  the  produc¬ 
tion  experienced  increase  from  0.8  to  14.7  billion  liters,  this 
production  is  distributed  in  Germany  (48%  of  total),  other  Eur¬ 
opean  countries  (30%),  USA  (15%)  and  several  other  countries,  such 
as  Brazil,  China,  India,  Canada,  Colombia,  Indonesia,  and  Malaysia, 
the  remaining.  The  EU  is  the  world  leader  in  biodiesel  production 
(with  78%  of  the  world  total)  and  consumption  of  biodiesel.  By 
2020,  the  USA  is  expected  to  become  the  world's  largest  single 
biodiesel  market,  will  account  for  roughly  18%  of  world  biodiesel 
consumption  with  2.1  billion  liters  in  2009  [25-31], 

In  2010  in  Brazil,  23.0  million  hectares  of  crop  land  were  used  for 
soybean  production,  13.0  million  hectares  for  com  and  9.0  million 
hectares  for  sugarcane.  The  remaining  23.0  million  hectares  are  used 
for  other  minor  crops.  The  Brazilian  National  Program  on  Biodiesel 
Production  and  Usage  (PNPB)  started  in  2005.  The  PNPB  established 
an  increase  of  the  blending  to  5%  from  2013  onwards,  in  July  2009,  the 
Brazilian  government  already  mandated  a  4%  biodiesel  blending  share 
it  is  possible  that  the  5%  biodiesel  target  will  occur  before  2014. 
Brazilian  biodiesel  production  is  mostly  based  on  soybean,  though 
other  important  vegetable  oil  sources  are  castor  bean,  palm  tree, 
tallow  and  jatropha  [20-23,32-35], 

The  expanding  biofuels  global  market  has  raised  concerns  about  its 
sustainability.  Certain  basic  and  recurrent  issues  are  the  potential 
impact  of  biofuels  on  food  security  and  agricultural  commodity  prices 
as  well  as  social  and  environmental  impacts  as  deforestation,  mono¬ 
culture,  water  resource  depletion,  and  labor  conditions.  These  con¬ 
cerns  pose  challenges  to  the  development  of  the  biofuel  market  and 
require  further  analysis  and  discussion.  Life  Cycle  Assessment  (LCA) 
methodologies  are  considered  as  the  analysis  model  to  determine 
quantitatively  the  environmental  impacts  comparison  of  the  different 
types  of  biofuels  production  [10,18,36-40], 

The  key  objective  of  this  paper  is  to  carry  out  an  evaluation  of 
the  main  environmental  impacts  and  energy  balance  of  the 
ethanol  and  biodiesel  production  systems  in  the  Brazilian  condi¬ 
tions,  using  the  LCA  methodology.  The  results  are  compared 
through  a  meta-analysis  with  previous  studies  published  in  the 
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Nomenclature 

NER 

net  energy  ratio 

NEY 

net  energy  yield 

EC  energy  content 

PE 

primary  energy 

HV  heat  value 

S 

area 

LHV  low  heating  value 

V 

volume 

NEB  net  energy  balance 

Yr 

year 

literature.  The  types  of  the  impacts  that  were  studied  in  the  Life 
Cycle  Impact  Assessment  (LCIA)  include  Abiotic  Depletion  Poten¬ 
tial  (ADP),  Global  Warming  Potential  (GWP),  Human  Toxicity 
Potential  (HTP),  Acidification  Potential  (ACP)  and  Eutrophication 
Potential  (ETP).  A  process  based  on  the  cradle-to-gate  attributional 
LCA  method  was  applied,  as  the  technique  to  assess  the  health  and 
environmental  impacts  of  ethanol  and  biodiesel  production  sys¬ 
tems.  The  Life  Cycle  Inventory  (LCI)  data  collection  for  each 
scenario  of  ethanol  and  biodiesel  production  was  outlined  based 
on  the  goal  and  scope  of  the  study.  The  required  inventory  data 
were  collected  from  published  available  inventory  databases.  The 
energy  balance  was  carried  out  by  the  output/input  energy 
relation  that  is  proposed  as  an  indicator.  This  allows  to  show 
how  many  units  of  renewable  energy  are  obtained,  when  one  unit 
of  fossil  energy  is  consumed. 


2.  General  background 

2.1.  Ethanol 

The  parameters  associated  to  the  crop  as  agricultural  yield  and 
concentration  of  polysaccharides  can  indicate  a  potential  viability  to 
use  some  species  in  the  production  of  biofuel.  Crops  such  as 
sugarcane,  wheat  and  corn  are  the  most  essential  types  of  natural 
bioresources  that  are  used  for  ethanol  production  (Table  1 ).  Compared 
with  com  based  or  sugar  beet-based  ethanol,  Brazil's  sugarcane-based 
ethanol  have  considerably  more  favorable  results  in  terms  of  energy 
balance  and  reductions  in  Greenhouse  Gases  (GHG)  emissions.  Feed¬ 
stock  containing  significant  amounts  of  sugar  or  materials  that  can  be 
converted  into  sugars,  such  as  starch  or  cellulose,  can  be  used  in  the 
production  of  ethanol  [40-43], 

In  Brazil,  the  sugarcane  crop  yield  ranges  from  80.0  to  85.0 1  of 
sugarcane  per  hectare  (tc/ha);  it  is  expected  an  increase  of  low  tillage 
practices  and  the  most  important  changes  may  happen  in  the  cane 
harvesting,  which  will  move  from  burned  cane  manual  harvesting  to 
mechanical  harvesting  of  unburned  cane.  As  a  consequence,  great 
amounts  of  straw  (sugarcane  trash)  will  be  available,  and  its  use  as 
energy  source  is  already  becoming  an  attractive  option  for  mills, 
although  the  route  for  sugarcane  trash  recovery  (harvest  and  trans¬ 
portation)  is  still  not  well  established  [45-48], 

Currently,  the  industrial  efficiency  (sugar  recovery)  is  around 
90%.  The  generation  and  use  of  co-products  in  the  process  of 


Table  1 

Agricultural  crops  used  to  ethanol  production  and  their  yield  (44). 


Crop 

Average  agricultural 
yield  (ton/ha) 

Average  biofuel 
yield  (L/ha) 

Barley 

H.  vulgare 

2.81 

1050 

Wheat 

Triticum 

3.01 

2450 

Corn 

Zea  mays  L. 

5.16 

3050 

Sugar  beet 

Beta  vulgaris 

53.15 

5000 

Sugar  cane 

Saccharum  L. 

69.86 

6000 

biofuels  production  grants  good  indicators  in  energetic,  economic 
and  environmental  terms.  For  sugar  and  ethanol  production  from 
sugarcane  the  main  co-products  are  bagasse,  stillage,  filter  cake 
and  residual  boiler  ashes.  The  bagasse  obtained  averages  250.0- 
290.0  kg/tc,  with  50%  moisture  content,  this  ensures  energy  self- 
sufficiency  to  the  Brazilian  mills  and  still  provides  surplus  of 
electricity  to  the  grid,  using  a  CHP  systems,  usually  based  on 
steam  cycles  [49-52], 

The  operation  of  a  sugar  and  alcohol  mill  in  a  typical  Center-South 
Brazil  conditions,  with  a  crushing  capacities  of  2.0  million  tc/year, 
conventional  cogeneration  systems  at  6.5  MPa  and  480  °C  corresponds 
to  an  installed  capacity  of  31.0  MWe,  while  for  systems  optimized  at 
9.0  MPa  and  520  °C,  the  power  output  could  be  82  MWe,  during  the 
harvest  operation.  In  addition,  the  sugar  and  alcohol  sector  has  great 
potential  for  increasing  overall  production  efficiency  by  repowering 
improvements  in  mills'  cogeneration  plants,  electrification  of  the 
drives  of  the  preparing  and  extraction  plants,  sugarcane  bagasse 
hydrolysis  for  second  generation  ethanol  production,  sugarcane 
bagasse  gasification  for  syngas  production  and  subsequent  utilization 
in  advanced  cogeneration  systems  [53-56], 

The  environmental  advantages  of  sugarcane  based  ethanol  as 
fuel  are  focusing  in  gasoline  substitution  and  GHG  emissions 
avoidance  in  the  whole  life  cycle.  The  total  emissions  avoided 
(including  indirect  emissions),  when  the  energy  surplus  of  the  co¬ 
products  is  used  to  replace  the  considered  fuel  oil,  can  reach 

12.5  kg  C02/tc  (in  an  average  scenario)  and  23.3  kg  C02/tc  (in 
modern  technologies  available).  The  use  of  sugarcane  trash  as  a 
source  of  fuel  in  addition  to  the  bagasse  could  increase,  by  more 
than  50%,  the  generation  of  surplus  electricity  [45,50,57-59]. 

The  filter  cake  and  the  stillage  can  be  used  in  the  sugarcane 
plantation  as  fertilizer,  due  to  the  convenient  concentration  of 
nitrogen,  phosphorus  and  mainly  potassium  in  their  composition. 
Known  since  the  60s,  the  application  of  this  residue  on  the  sugarcane 
plantation  has  intensified  since  1979,  influenced  by  environmental 
issues  and  the  high  cost  of  fertilizers.  Rocha  et  al.  [60]  and 
Rocha  et  al.  [61]  presented  a  mass  and  energy  balance  of  stillage 
treatment  and  disposal,  showing  a  fertilizer  mass  savings  of  100%  for 
the  potassium,  35%  for  nitrogen  and  20%  for  phosphorus  in  the 
manure,  when  stillage  is  applied  to  40%  of  the  area  of  plant  and 
ratoon.  The  sugarcane  ethanol  industry  is  undergoing  a  huge 
technological  changes  that  could  be  defined  as  new  paradigms.  A 
detailed  description  of  this  trends  is  included  in  Lora  et  al.  [62]  and 
Lora  et  al.  [63], 

2.2.  Biodiesel 

In  biodiesel  production  of  African  palm  oil  vegetable  oil  could 
be  more  interesting  than  others  conventional  feedstocks,  like 
soybean  and  rapeseed  ones  (Table  2).  In  2010,  the  production  of 
palm  oil  and  palm  kernel  oil  corresponded  to  37%  of  the  global 
production  of  vegetable  oil  and  soybean  oil  (28%).  USA  and  Brazil 
are  responsible  for  60%  of  the  production  of  soybean  in  the  world. 
In  2010,  Brazil  produced  69.0  million  tons  of  soybeans,  from  which 

6.5  million  tons  of  oil  were  extracted  and  26.1  million  tones  of 
meal  produced.  Malaysia  and  Indonesia  are  responsible  for  more 
than  80%  of  the  world  production  of  palm  oil  [4,10,64-66], 
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Soybean  oil  was  the  primary  feedstock  used  for  biodiesel 
production  worldwide.  The  production  technology  is  divided  into 
five  stages:  (1 )  soybean  production  (or  farm  outputs),  (2)  transport 
of  soybeans  to  the  processing  facility,  (3)  separation  of  oil  and 
meal,  (4)  conversion  into  biodiesel  (or  transesterification),  and 
(5)  transportation  of  biodiesel  for  distribution.  In  the  soybean 
industry  the  most  important  product  is  the  meal,  which  corre¬ 
sponds  approximately  to  80%  w/w  of  the  grain,  used  as  human  and 
animal  protein  source.  The  oil  is  destined  to  the  food  and  cosmetic 
industry  and  the  shells,  produced  in  low  amounts,  can  be  used  as 
animal  feed  too  [67-70]. 

The  palm  trees  are  planted  at  a  density  of  136-160  trees/ha.  The 
palm  oil  mill  produces  Crude  Palm  Oil  (CPO)  and  palm  kernels.  Palm 
oil  tree  is  the  only  crop  that  produces  two  types  of  oils  from  its  fruit: 
palm  oil  from  the  mesocarp  and  kernel  oil  from  the  kernel.  Palm  oil 
fruits  are  clustered  together  in  bunches  commonly  called  Fresh  Fruit 
Bunches  (FFB),  weighing  10-20  kg  and  each  carrying  1000-3000 
fruits.  Each  oil  palm  tree  can  produce  10-15  brunches  of  FFB  per  year, 
which  corresponds  to  18-20  t  of  FFB/ha/year  [66,71-74], 

The  harvested  FFB  contain  around  20%  oil,  27%  nuts,  5%  kernels, 
14%  fiber  and  8%  shell  and  23%  Empty  Fruit  Bunches  (EFB).  The 
palm  oil  mill  could  obtain  energy  from  a  cogeneration  system  by 
using  part  of  the  EFB,  the  Palm  Kernel  Shells  (PKS)  and  the  Palm 
Press  Fiber  (PPF)  as  fuel.  The  Palm  Oil  Mill  Effluent  (POME)  is 
treated  in  simple  biological  pond  system  called  lagoons  and 
used  for  irrigating  the  plantations.  The  POME  can  also  be  treated 
in  anaerobic  digesters  to  produce  biogas;  at  a  range  of  14  m3  of 
biogas/ton  FFB,  which  contains  65%  CH4  and  30%  C02  by  volume.  It 
is  estimated  that  more  than  90%  of  the  electricity  consumption  of 
the  mills  could  be  produced  from  theses  co-products,  which  also 
explains  the  favorable  energetic  balance  and  environmental  per¬ 
formance  of  this  chain  of  biodiesel  production  [75-79], 

Different  methods  to  evaluate  the  use  of  waste  cooking  oil  to 
biodiesel  production  have  been  analyzed  with  their  possible 
variations  (alkaline  catalysis,  acid  catalysis,  enzymatic  catalysis 
and  non-catalytic  conversion  techniques)  [80], 


Table  2 

Agricultural  crops  used  for  biodiesel  production  and  their  yields  [44], 


Crop 

Average  agricultural 
yield  (ton/ha) 

Average  biofuel 
yield  (L/ha) 

Soybean 

Glycine  max 

2.24 

550 

Castor 

Ricinus  comunis 

1.00 

700 

Sunflower 

Heliantus  annus 

1.37 

950 

Rapeseed 

Brassica  napus 

1.98 

1200 

Jatropha 

Jatropha  curcas 

4.00 

2800 

Palm 

Elaeis  guineensis 

14.10 

4500 

2.3.  Life  cycle  assessment 

In  regards  to  the  environmental  impacts  of  biofuels,  the  LCA 
methodology  represents  an  important  tool,  used  to  estimate  the 
positive  or  negative  impacts,  in  all  the  stages  of  the  biofuels  life 
cycle.  This  tool  was  standardized  by  the  International  Standard 
Organization  (ISO),  who  defined  its  guidelines,  it  is  used  as  a  tool 
to  measure  biofuels  benefits  and  to  select  the  most  convenient 
alternative  from  different  points  of  view  [81,82].  More  recently, 
LCA  had  adopted  it  not  only  for  qualitative  assessments,  but  also  to 
provide  a  quantitative  absolute  assessment  of  the  environmental 
balance  of  biofuel  chains  [83], 

The  LC1A  is  a  stage  of  LCA  can  be  expressed  as  a  quantitative 
and/or  qualitative  process  to  characterize  and  assess  the  effects  of 
the  environmental  interventions  identified  in  the  LC1,  containing 
as  the  main  issues:  category  definition,  classification,  character¬ 
ization  and  valuation/weighting.  The  impact  categories  are 
selected  in  order  to  describe  the  impacts  caused  by  the  products 
or  by  the  product  systems.  A  second  element  included  in  the  LCIA 
is  the  impacts  classification,  which  is  a  qualitative  step  based  on 
scientific  analysis  of  relevant  environmental  processes  [84-87], 

However,  the  results  of  LCA  studies  strongly  depend  on  the 
information  given  as  input,  regarding  the  geographic  and  inven¬ 
tories  used,  and  others  premises  like  the  boundaries  of  the 
analyzed  system  and  the  allocation  method.  Because  of  this, 
different  LCA  results  for  the  same  product  are  meet  easily, 
disclosing  the  absence  of  a  consolidated  standard,  that  does  not 
always  allows  the  direct  comparison  of  the  studied  alternatives, 
causing  the  diversity  of  interpretations  [88-91], 

A  meta-analysis  of  several  published  LCA,  as  it  will  be  done 
thereof  ethanol  and  biodiesel  energy  systems  will  provide  a  better 
understanding  of  the  environmental  implications  of  deploying  the 
biofuels  considered  in  this  paper.  However,  this  paper  intends  to 
carry  out  a  comparison  of  the  range  of  LCA  results  from  some 
published  papers,  rather  than  to  develop  a  consistent  statistical 
method  for  comparing  management  methods  and  then  to  adjust 
each  LCA’s  results  to  fit  the  ISO  standardized  methodology.  The 
meta-analysis  was  well  discussed  by  Nelson  and  Kennedy  [92], 

3.  Methodology 

3.1.  Goal  and  scope  of  this  study 

The  goal  and  scope  of  this  paper  is  to  carry  out  an  evaluation  of  the 
main  environmental  impacts  and  the  energy  balance  of  the  ethanol 
production  from  sugarcane  and  biodiesel  production  from  soybean 
and  palm  oil  under  the  Brazilian  conditions,  using  the  LCA  methodol¬ 
ogy.  A  process  based  on  the  cradle-to-gate  attribution  LCA  method 
was  applied  and  the  results  are  compared  through  a  meta-analysis  to 
previous  published  studies  (Table  3).  The  types  of  impacts  studied  in 


Table  3 

Previously  published  works  that  will  be  compared  in  this  paper. 


Biofuel 

Reference 

Country 

LCA  environmental  impacts 

LCEA  (energy  balance) 

Ethanol  -  sugarcane 

Capaz  [93]  -  Base  case 

Brazil 

No 

Yes 

Macedo  et  al.  [94] 

Brazil 

GHG  emissions 

Yes 

Biodiesel  -  Soybean  oil 

Capaz  [43]  -  Base  case 

Brazil 

No 

Yes 

Cavalett  and  Ortega  [95] 

Brazil 

Emergy  Analysis  and  Embodied  Energy  Analysis 

Yes 

Tsoutsos  et  al.  [96] 

Greece 

Yes 

No 

Pradhan  et  al.  [97] 

USA 

No 

Yes 

Carraretto  et  al.  [98] 

Italy 

Yes 

Yes 

Biodiesel  -  Palm  oil 

Costa  [99]  -  Base  case 

Brazil 

Yes 

Yes 

Kamahara  et  al.  [100] 

Indonesia 

No 

Yes 

Papong  et  al.  [101] 

Thailand 

No 

Yes 

Souza  et  al.  [102] 

Brazil 

GHG  emissions 

Yes 

Pleanjai  and  Gheewala  [103] 

Thailand 

No 

Yes 
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LCIA  included:  ADP,  GWP,  HTP,  ACP  and  ETP.  This  systematic  approach 
eventually  reveals  the  potential  of  the  product  evaluated  and  identify 
the  environmental  hot  spots  in  the  product  chains  so  that  precau¬ 
tionary  steps  can  be  suggested  to  reduce  the  negative  environmental 
impact. 

The  Life  Cycle  Energy  Assessment  (LCEA)  is  a  method  based  on 
accounting  the  energy  flows  throughout  the  life  cycle  of  products. 
The  energy  balance  is  carried  out  using  the  output/input  energy 
relation  that  is  proposed  as  an  indicator.  This  allows  to  show  how 
many  units  of  renewable  energy  are  obtained  when  one  unit  of 
fossil  energy  is  consumed. 

3.2.  Life  cycle  inventory  background  dates 

LCI  background  data  include  inputs  and  outputs  in  processes  for 
the  production  of  accessory  materials  and  process  energies,  as  well  as 
the  direct  emissions,  such  as,  the  production  of  steam,  electricity, 
fertilizers,  diesel,  pesticides,  and  chemicals.  Background  data  are 
normally  incorporated  in  international  databases,  but  sometimes  the 
processes  conditions  (e.g.  energy  structure,  energy  efficiency,  emis¬ 
sions,  etc.)  are  different.  This  background  data  were  sourced  from  the 
Brazilian  (in  most  cases)  and  international  databases  (when  could  not 
find  suitable  data  to  Brazilian  conditions). 

In  these  cases,  the  data  was  compiled  from  studies  on  the  back¬ 
ground  processes  as  follows:  diesel  fuel  [104],  nitrogen  (urea)  [105], 
phosphorus  (P205)  [106],  potassium  (I<20)  [106],  herbicide  [106], 
insecticide  [106],  lime  [106],  lubricant  [104],  electricity  [107],  gasoline 
[104],  propane  [105],  natural  gas  [105],  hexane  [105],  crude  oil  [104], 
methane  [105],  sodium  hydroxide  [106],  sodium  methoxide  [106], 
methanol  [108],  phosphoric  acid  [109],  hydrogen  chloride  [110], 
magnesium  [111],  sulfuric  acid  [106],  crude  oil  [104],  fuel  oil  [104], 
bentonite  [111],  diesel  emissions  [112],  natural  gas  emissions  [112], 
crude  oil  emissions  [112],  gasoline  emissions  [112],  fuel  oil 
emissions  [112],  propane  emissions  [112],  methane  emissions  [112] 
and  boron  [110], 

3.3.  Life  cycle  impact  assessment 

The  LCIA  was  carried  out  based  on  the  inventory  analysis  data 
generated  for  the  unit  processes.  The  inventory  data  was  classified 
according  to  its  potential  impact  on  the  environment.  The  LCIA 
includes  emissions  to  air,  soil  and  water  and  was  used  to  improve 
the  understanding  of  the  results  of  the  LCI  phase.  The  method 
applied  in  this  work  was  the  CML  2  Baseline  2000  method  that  is 
an  update  from  the  CML  1992  method  [113],  This  method  has  been 
developed  and  published  by  the  Institute  of  Environmental 
Sciences  (CML)  of  the  Leiden  University.  Most  of  the  impact 
categories  have  a  global  geographic  scope.  Some  of  them  have 
scopes  varying  between  local,  regional,  continental  and  global 
scales.  Grouping  and  weighting,  as  optional  steps,  were  not 
included  in  the  CML  2  method. 

The  software  package  SimaPro  7.0.1  (Pre  Consultants,  The 
Netherlands)  had  been  chosen  because  it  is  a  widely  used  LCA 
tool,  both  by  professionals  and  researchers.  The  impact  categories 
were  chosen  as  to  cover  a  maximum  of  environmental/human 
health  effects.  The  following  midpoint  impact  categories  used  to 
carry  out  the  environmental  impacts  assessment  were  conducted 
through  five  categories  [113]: 

•  ADP:  that  represents  the  natural  resources  depletion  such  as 
iron  ore,  crude  oil,  which  are  regarded  as  non-renewable,  is 
expressed  in  kg  of  Antimony  equivalents  (kg  Sb-eq.). 

•  GWP:  which  is  related  with  emission  of  C02,  CH4  and  N20,  is 
expressed  in  kg  of  Carbon  Dioxide  equivalents  (kg  C02-eq.). 

•  HTP:  which  extends  to  the  number  of  chemicals  covered 
and  distinguishes  between  cancer  and  non-cancer  effects, 


expressed  as  kg  of  1,4-Dichlorobenzene  equivalents  (kg  1,4 
DB-eq.). 

•  ACP:  is  defined  as  the  loss  of  base  nutrients  (calcium,  magne¬ 
sium  and  potassium)  through  the  process  of  leaching  and  their 
replacement  by  acid  elements  (hydrogen  and  aluminum).  This 
impact  is  associated  with  atmospheric  pollution  arising  derived 
sulfur  (S)  and  nitrogen  (N)  as  NOx  or  NH3,  is  expressed  in  kg  of 
Sulfur  Dioxide  equivalents  (kg  S02-eq.). 

•  ETP:  is  considered  a  process  whereby  water  bodies,  such  as 
lakes,  estuaries  or  slow-moving  streams  receive  excess  nutri¬ 
ents  that  stimulate  excessive  plant  growth.  Nutrients  can  come 
from  many  sources,  such  as  fertilizers,  deposition  of  nitrogen, 
erosion  of  soil  containing  nutrients,  etc.,  is  expressed  in  kg  of 
Phosphate  equivalents  (kg  P041 2 3-eq.). 


3.4.  Life  cycle  energy  assessment 

The  LCEA  is  a  method  used  to  quantify  total  energy  flow  and 
assess  the  overall  efficiency  of  processes,  in  such  a  way  that 
various  net  energy  metrics  or  energy  indicators  can  be  estimated 

[65,66-70,73,85], 

According  to  Fore  et  al.  [114],  there  are  several  indicators 
commonly  used  in  the  literature  to  summarize  the  net  energy 
produced  from  a  particular  system,  as  Net  Energy  Balance  (NEB), 
that  is  the  output  energy  minus  the  input  energy  measured,  Net 
Energy  Yield  (NEY)  that  is  the  output  energy  minus  the  input 
energy  calculated  on  a  feedstock  production  area  basis  measured 
in  MJ/ha  and  the  Net  Energy  Ratio  (NER),  that  is  the  output  energy 
divided  by  the  input  energy.  The  relevance  of  the  different  net 
energy  metrics  depends  on  part  on  the  question  or  objective  being 
addressed  (Table  4). 

In  this  study,  the  LCEA  was  conducted  considering  the  same 
boundaries  and  inputs,  defined  to  LCA  just  for  biofuels.  The  energy 
flows  were  assessed  using  NER  indicators,  The  NERtotai  considered 
the  output  of  biofuels  and  the  others  co-products  evaluated  by 
their  Low  Heating  Value  (LHV).  The  NERbi0fuei  considered  only  the 
output  of  biofuel:  and  finally  the  NERcln0cated  considered  the  output 
of  biofuel  with  allocation  by  mass.  When  the  consulted  study  did 
not  present  the  coefficient  used,  the  highest  coefficient  used  in  the 
others  studies  was  adopted. 

3.5.  Ethanol 

3.5.1.  Functional  unit 

In  LCA,  the  Functional  Unit  (FU)  provides  a  reference  to  which 
the  inputs  and  outputs  are  related.  If  the  environmental  impacts  of 
the  crops  under  study  are  compared,  then  a  common  base  for 
comparison  must  be  identified  before  defining  the  FU,  ensuring 
that  the  choice  of  FU  stands  in  close  relation  to  the  goal  and  scope 
of  the  study.  The  common  base  assumed  in  this  study  is  1  MJ  of 
energy  released  by  the  combustion  of  ethanol,  based  on  its  LHV 
that  is  28.0  MJ/kgethanoi- 

Table  4 

Equations  used  for  calculating  energy  balances  indicators  of  biofuels. 

Number  LCEA  Equation  Reference 

method 


1  NEB  nfr _ (HVBioiuei + X^o-p-products) — (^PEinputs)  Mourad  and 

~  Walter  [65] 

2  NEY  ney  =  £HVBiofue|  ~  £pefossii  Fuel  Kaltschmitt  et  al. 

SVr  [115] 

3  NER  Nipp  _  HVBjofue! + ecCo— products  Kamahara 

INCIV  —  VPF. _ 
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3.5.2.  Life  cycle  boundaries 

The  boundary  of  biofuels  production  systems  included  the 
agricultural  and  industrial  processes  stages,  considering  the  trans¬ 
port  between  them.  The  input  associated  to  constructions  facil¬ 
ities,  i.e.  manufacturing,  machines,  buildings,  vehicles,  etc.,  were 
excluded  from  the  inventories  presented  in  the  studies.  Generally, 
it  was  estimated  that  the  contribution  of  capital  goods  in  agricul¬ 
tural  products  and  industrial  process,  varies  between  2%  and  6%  of 
environmental  charges  and  lower  than  10%  of  energy  input  [116], 

In  the  life  cycle  of  ethanol  production  (Fig.  1)  the  agricultural 
stage  is  fully  integrated  to  the  industrial  production.  In  the 
agricultural  system  boundary  of  ethanol  production  the  use  of 
fuels,  fertilizers,  herbicides,  insecticides,  lime  and  seeds  is  con¬ 
sidered.  It  is  common  to  use  stillage  and  other  ethanol  industry  co¬ 
products  (filter  cake  and  ashes)  as  a  complement  of  chemical 
fertilizers.  The  industrial  step  includes  sugarcane  milling,  juice 
clarification  and  treatment,  fermentation,  distillation  and  purifica¬ 
tion  of  ethanol.  The  mills  produce  electricity  by  burning  sugarcane 
bagasse  in  boilers  furnace  to  generate  steam,  which  in  turn  is  used 
to  drive  steam  turbines  generators  for  electricity  production  in 
cogeneration  plants.  In  the  boundary  of  industrial  system  of 
ethanol  production  the  use  of  NaOH,  lime,  H2S04,  C6H12  and 
lubricants  is  considered  [117-120]. 


3.5.3.  Life  cycle  inventory 

The  analysis  of  ethanol  production  from  sugarcane  performed 
on  the  base  of  a  case  study  evaluated  by  Capaz  [93],  was  based  on 
data  supplied  by  regional  research  for  the  year  2007/2008  harvest. 
The  ethanol  plant  has  a  capacity  of  120,000  L/day,  operating  180 
days  per  crop.  Two  scenarios  for  analysis  were  defined,  consider¬ 
ing  or  not  the  application  of  filter  cake  and  stillage  for  sugarcane 
fertilization.  In  addition  to  the  conventional  fertilization,  it  is 
considered  to  use  filter  cake  and  stillage  30%  (for  plant  cane  areas) 
and  35%  (for  ratoon  areas).  Sugarcane  is  planted  using  cane  stools 
(plant  cane),  it  is  cut  and  grown  again  (ratoon  cane)  four  times 
(years),  before  replanting. 


Fertilizers  (N-P205-K20)  used  for  growth  sugarcane  are 
201.0  kg/ha  (68.0  kg  N/ha,  36.8  kg  P205/ha,  96.2  kg  K20/ha)  with¬ 
out  stillage  application  (scenario  1)  and  71.8  kg/ha  (50.0  kg 
N/ha,  8.4  kg  P205/ha,  13.4  kg  I<20/ha)  with  stillage  application 
(scenario  2).  Diesel  fuel  used  for  cultivation  and  harvesting  of 
sugarcane  is  100.6  L/ha  (scenario  1)  and  134.7  L/ha  (scenario  2). 
Lime,  herbicides  and  insecticides  have  the  same  inputs  values  for 
both  scenarios:  958.4  kg/ha,  2.2  kg/ha  and  0.2  kg/ha,  respectively. 
An  average  human  labor  of  0.70  man-hours/ha  of  sugarcane  is 
required  for  both  scenarios  for  all  farming  activities,  including  land 
preparation,  planting,  crop  maintenance  and  harvesting.  The 
transport  distance  assumed  of  the  sugarcane  from  the  field  to 
the  industrial  facility  of  ethanol  production  is  about  40  km  by 
trucks  of  45  t  of  capacity  with  an  energy  efficiency  of  0.019  L/ton. 
km  [93], 

The  assumed  yield  of  ethanol  was  86.5  Lethanoi/tc.  The  industrial 
processing  of  sugarcane  to  ethanol  includes:  NaOH  (0.27 
s/fei Hanoi ),  H2S04  (9.05  g/Lethanoi)t  Gf, H  | 2  (0.60  g/Lethanoi)»  lubricants 
(0.16  g/Lethanol)  and  lime  (10.50  g/Lethanol).  It  was  assumed  that  the 
sugarcane  have  an  average  sucrose  content  of  14.26%  and  12.79%  of 
bagasse,  used  as  fuel  to  produce  steam  and  electricity.  Cogenera¬ 
tion  plants,  with  steam  cycle  (2.2  MPa)  were  used  in  this  study. 
The  surplus  electricity  (12.0  kWh/tc)  is  sold  to  the  public  grid  and 
can  thus  get  the  credits  from  avoided  conventional  electricity 
production  [93], 

The  study  of  ethanol  production  from  Macedo  et  al.  [94]  was 
based  on  the  data  from  the  2002/2003  crop  of  the  Center-South 
region  of  Brazil;  the  study  with  two  scenarios:  scenario  1 
gives  typical  values  of  sugarcane  and  ethanol  production,  while 
scenario  2  was  constructed  with  the  best  values  so  far  observed, 
with  the  use  of  filter  cake  and  stillage  for  fertilization  of  sugarcane 
fields  and  the  improvement  in  industrial  yield,  with  increased 
generation  of  bagasse  and  surplus  electricity.  The  sugarcane 
productivity  was  82.0  tc/ha  and  the  industrial  yield  is  about 
88.7  L/tc  (scenario  1)  and  91.8  L/tc  (scenario  2).  Fertilizers 
used  for  sugarcane  growth  are  234.0  kg/ha  (70.0  kg/ha  N, 
44.0  kg/ha  P205  and  120.0  kg/ha  I<20)  for  scenario  1  and 


Fig.  1.  Scheme  of  the  system  boundary  of  the  ethanol  production  from  sugarcane. 
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176.0  kg/ha  (72.0  kg/ha  N,  40.0  kg/ha  P205  and  64.0  kg/ha  1<20)  for 
scenario  2.  Diesel  fuel  used  for  cultivation  and  harvesting  of 
sugarcane  is  114.2  L/ha  (scenario  1)  and  146.8  L/ha  (scenario  2). 
Lime,  herbicides  and  insecticides  have  the  same  inputs  for  both 
scenarios  2200  kg/ha,  2.4  kg/ha  and  0.17  kg/ha,  respectively. 
Sugarcane  is  transported  to  the  sugar  mill  facility  by  trucks  with 
diesel  consumption  of  67.3  L/ha  (scenario  1)  and  51.8  L/ha 
(scenario  2). 

3.6.  Biodiesel 

3.6.1.  Functional  unit 

The  common  base  assumed  was  1  MJ  of  energy  released  by 
combustion  of  biodiesel,  based  on  its  LHV  (39.0  MJ/kgbiodiesei)- 

3.6.2.  Life  cycle  boundaries 

In  soybean  biodiesel  production  system  boundary  (Fig.  2),  the 
agricultural  stage  boundary  included  soybean  farming  activities, 
such  as,  planting  seeds,  tillage,  fertilizers  (N-P205-K20),  lime, 
herbicide,  insecticide,  diesel  consumption  for  agricultural  opera¬ 
tions.  Transportation  takes  the  soybean  from  the  field  to  the 
production  facility.  The  industrial  process  of  conversion  of  soybean 
to  biodiesel  consists  of  the  vegetable  oil  extraction,  feedstock  pre¬ 
treatment  and  transesterification.  The  processing  phase  was 
divided  in  two  stages:  crushing/refining  stage  and  transesterifica¬ 
tion  are  conducted  inside  the  integrated  facility,  using  hexane, 


methanol,  water,  electricity  and  fuels.  This  analysis  excluded  the 
assessments  of  energy  consumption  associated  with  facilities 
construction  [121-124], 

The  LCA  of  palm  oil  biodiesel  starts  at  the  agricultural  stage 
production  of  the  palm  oil  and  ends  at  this  industrial  conversion 
(Fig.  3).  The  system  boundary  in  this  study  includes  all  major 
inputs  and  outputs  for  palm  oil  cultivation  to  produce  FFB 
(agricultural  stage),  FFB  crushing  and  refining  to  produce  Refined 
Palm  Oil  (RPO),  transportation  of  FFB  from  field  to  production 
facility  (transportation  stage)  and  transesterification  stage.  The 
analysis  excluded  the  assessments  of  energy  consumption  asso¬ 
ciated  with  facilities  construction  [125-129], 

3.6.3.  Life  cycle  inventory 

3. 6.3.1.  Soybean  biodiesel.  The  primary  base  case  data  to  cany  out 
the  LCA  of  soybean  biodiesel  in  Brazil  of  this  paper  were  collected 
from  Capaz  [93]  and  compared  with  the  data  collected  from  the 
literature.  The  data  from  industrial  stage  were  obtained  from 
equipment  and  plants  manufacturers.  In  this  study,  considering 
the  energy  input  from  equipment  and  buildings  and  the  energy 
balance  resulted  in  4.3  MJoutput/MJinput- 

Cavalett  and  Ortega  [95]  analyzed  the  biodiesel  production 
from  soybean  under  Brazilian  conditions,  using  three  indicators: 
material  flow  accounting,  embodied  energy  analysis  and  emergy 
accounting.  The  boundary  of  the  production  system  included 
agricultural  step,  transportation,  crushing  and  industrial  phase. 
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Fig.  2.  Scheme  of  the  system  boundary  of  the  biodiesel  production  from  soybean. 
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The  energy  and  C02  emissions  analysis  indicate  greater  values  in 
agricultural  and  transesterification  stages.  The  production  of 
biodiesel  from  soybean  returned  2.48  MJbiodiesei/MJfossii  energy  using 
energy  allocation  factors.  They  calculated  the  Energy  Return  on 
Investment  (EROI),  that  is  the  amount  of  energy  output  divided  by 
the  energy  invested  by  the  economic  system.  The  EROI  calculated 
shows  that  0.07  kg  of  crude  oil  equivalent  is  required  to 
produce  1.0  kg  of  soybean,  with  an  energy  return  of  about 
7-24  JSOybean/Jfossii  fuel  invested. 

Tsoutsos  et  al.  [96]  assessed  the  LCA  of  biodiesel  from  rapeseed, 
sunflower  and  soybean  in  Greek  conditions.  Alternative  scenarios 
were  constructed  with  variation  of  some  parameters  as  fertilizing, 
water  and  fuel  utilization.  The  major  environmental  impacts  are 
caused  by  the  consumption  of  fossil  fuels  and  the  use  of  fertilizers. 
By  evaluating  the  crops  for  the  biodiesel  production,  the  production  of 
biodiesel  from  rapeseed  had  the  largest  environmental  impacts,  while 
sunflower  was  more  favorable  and  environmental  friendly.  The 
biodiesel  from  soybean  presented  the  best  values  when  they  assessed 
the  environmental  impacts  per  harvested  area,  mainly  in  terms  of  the 
use  of  fertilizers,  the  methanol  and  energy  requirements. 

Pradhan  et  al.  [97]  carried  out  a  LCA  to  quantify  and  compare 
the  environmental  performance  and  energy  flows  associated  both, 
with  biodiesel  from  soybean,  in  USA  and  petroleum-based  diesel. 
The  purpose  of  this  analysis  was  to  update  the  energy  life  cycle  of 
the  model  to  determine  if  any  significant  changes  in  the  original 
inventory  have  occurred,  since  the  model  was  first  developed 


10  years  ago  by  Sheehan  et  al.  [130].  The  results  showed  an 
improvement  in  relation  to  previous  study  carried  out  by  Sheehan 
et  al.  [130],  Pradhan  et  al.  [97]  showed  the  NER  of  the  4.45  based 
on  data  from  2002  of  soybean  production.  This  result  was  higher 
than  the  one  of  a  previous  study  carried  out  by  Sheehan  et  al.  [130] 
that  reported  a  NER  of  3.2.,  indicating  that  the  NER  of  biodiesel  will 
continue  to  improve  over  time. 

Carraretto  et  al.  [98]  investigated  the  performance  of  a  boiler 
working  with  biodiesel  from  soybean  and  assessed  the  energy 
requirements  and  the  total  net  emission  of  C02  during  the  whole 
life  cycle  of  biodiesel  produced  in  North-Italy,  with  a  yield  of 
2445  kg/ha,  the  emissions  of  C02  from  whole  life  cycle  of  biodiesel 
were  0.21  kg  C02/kgbiodiesei  (null  allocation).  If  the  amount  of  C02 
produced  by  processes  is  allocated  on  biodiesel,  the  emission 
is  0.72  kg  C02/kgbiodiesel.  The  energy  ratio  was  2.04  MJbiodiesei/ 
MJfossii  fuel-  A  summary  of  the  inventory  data  for  biodiesel  produc¬ 
tion  from  soybean  for  the  considered  studies  is  shown  in  Table  5. 


3.63.2.  Palm  oil  biodiesel.  The  primary  base  case  data  to  carried 
out  the  LCA  of  palm  oil  biodiesel  of  this  paper  were  collected  from 
Costa  [99]  and  compared  with  data  collected  from  the  literature. 
The  study  by  Costa  [99]  aimed  to  perform  an  inventory  for  the 
production  of  Palm  Oil  Methyl  Ester  (PME)  in  Colombia  and 
Southeast  of  Bahia  State  and  Amazon  region  in  Brazil.  In  this 
study  only  data  about  the  Amazon  region  will  be  used  and  referred 
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Table  5 

Summary  of  inventory  data  for  biodiesel  production  from  soybean. 


Parameter 

Unit 

Capaz [93] 

Cavalett  and  Ortega  [95] 

Tsoutsos  et  al.  [96] 

Pradhan  et  al.  [97] 

Carraretto  et  al.  [98] 

Agricultural  stage 

Productivity 

kg/ha 

3.15E+03 

2.83E  +  03 

2.71  E  + 03 

2.56E  +  03 

2.45E  +  03 

Nitrogen 

kg/MJbiodiesel 

4.62E-05 

- 

2.39E-03 

2.64E-04 

2.20E-03 

p2o5 

kg/MJbiodiesel 

3.56E-03 

1.45E-03 

- 

7.82E-04 

1.18E-03 

K20 

kg/MJbiodiesel 

3.90E-03 

2.79E-03 

- 

1.57E-03 

1.41  E- 03 

Lime 

kg/MJbiodiesel 

2.40E-02 

1.61  E- 02 

- 

2.21  E- 02 

- 

Diesel  fuel 

kg/MJbiodiesel 

1.47E-03 

2.34E-03 

- 

1.80E-03 

3.31  E- 03 

Herbicide 

kg/MJbiodiesel 

7.85E-05 

2.05E-04 

5.97E-05 

7.46E-05 

4.62E-05 

Insecticide 

kg/MJbiodiesel 

7.85E-05 

1.37E-04 

8.97E-05 

1.24E-06 

- 

Lubricants 

kg/MJbiodiesel 

- 

- 

- 

- 

9.00E-05 

Seeds 

kg/MJbiodiesel 

2.34E-03 

2.95E-03 

- 

4.21  E- 03 

6.41  E- 01 

Gasoline 

kg/MJbiodiesel 

- 

- 

- 

5.00E-04 

- 

Natural  gas 

kg/MJbiodiesel 

- 

- 

- 

1.46E-04 

- 

Propane 

kg/MJbiodiesel 

- 

- 

- 

8.28E-05 

- 

Transport  stage 

Diesel  fuel 

kg/MJbiodiesel 

8.72E-03 

1.82E-04 

- 

8.49E-04 

7.18E-04 

Crushing  and  Refining  stage 

Soybean  grains  kg/MJbiodiesei 

1.45E-01 

1.21  E- 01 

1.88E-01 

1.41  E- 01 

7.31  E- 02 

Oil  content 

% 

4.62E-01 

4.62E-01 

3.54E-01 

4.87E-01 

9.49E-01 

Water 

kg/MJbjodiesel 

- 

8.74E-02 

- 

- 

9.36E-03 

Diesel  fuel 

kg/MJbiodiesel 

- 

2.17E-03 

- 

- 

- 

Hexane 

kg/MJbiodiesel 

2.56E-05 

1.46E-04 

- 

2.85E-04 

1.36E-04 

Crude  oil 

kg/MJbiodiesel 

- 

- 

6.13E-03 

- 

- 

Methane 

kg/MJbiodiesel 

- 

- 

- 

- 

1.34E-03 

Electricity 

kWh/MJbiodiesel 

5.08E-03 

- 

8.87E-03 

1.38E+00 

5.44E-03 

Transesterification  stage 

Water  kg/MJbiodiesel 

1.11  E- 02 

2.62E-02 

Diesel  fuel 

kg/MJbiodiesel 

- 

1.17E-03 

- 

- 

- 

NaOH 

kg/MJbiodiesel 

2.05E-04 

2.33E-04 

2.09E-04 

1.28E-04 

5.90E-05 

Methanol 

kg/MJbiodiesel 

5.74E-03 

3.23E-03 

5.59E-03 

3.82E-03 

2.29E-03 

Sodium  methoxide 

kg/MJbiodiesel 

- 

- 

- 

3.21  E- 04 

6.18E-04 

Phosphoric  acid 

kg/MJbiodiesel 

- 

- 

1.55E-04 

- 

- 

Hydrogen  chloride 

kg/MJbiodiesel 

- 

- 

- 

1.82E-04 

1.92E-04 

Natural  gas 

kg/MJbiodiesel 

- 

- 

- 

9.38E-04 

- 

Electricity 

kWh/MJbiodiesel 

5.13E-04 

- 

1.79E-03 

2.74E-03 

- 

Outputs 

Biodiesel 

kg/MJbiodiesel 

2.56E-02 

2.56E-02 

2.56E-02 

2.56E-02 

2.56E-02 

Glycerol 

kg/MJbiodiesel 

2.90E-03 

1.89E-03 

- 

3.56E-03 

5.41  E- 03 

Soybean  meal 

kg/MJbiodiesel 

1.19E  — 01 

9.92E-02 

1.62E-01 

1.14E-01 

4.59E-02 

that  the  use  of  co-products,  such  as,  PKS  and  PPF  for  steam  and 
electricity  generation  for  the  process  resulted  in  an  impressive 
output/input  energy  indicator  of  5.38,  signalizing  the  potential  use 
of  this  culture  in  biofuel  production. 

Kamahara  et  al.  [100]  evaluated  the  energy  balance  of  PME  in 
Indonesia.  The  results  showed  that  the  highest  primary  energy  inputs 
in  the  palm  tree  biodiesel  production  life  cycle  were  the  methanol,  the 
energy  input  in  the  biodiesel  production  processes  and  the  nitrogen 
fertilizer  production.  These  three  items  amounted  for  85%  of  the  total 
energy  input.  The  results  highlighted  the  importance  of  utilizing 
residues  and  co-products  to  improve  energy  efficiency.  The  calculated 
NER  of  PME  in  Indonesia  was  3.10  MJbiodiesei/MJinpuu  considering  only 
biodiesel  as  output,  but  this  value  could  increase  to  7.30  MJbiodiesei/ 
MJinput.  if  the  co-products  are  used  to  generate  energy. 

Papong  et  al.  [101]  analyzed  the  LCEA  to  produce  PME  in 
Thailand  transport  sector,  based  on  a  plant  capacity  of 
500,000  L/day,  the  transesterification  stage  with  an  energy  con¬ 
sumption  (9.26  MJ/kgbiodiesei)  due  to  methanol.  The  NER  calcu¬ 
lated,  considering  only  the  biodiesel  output,  was  2.48  MJ/MJinput, 
and  could  increase  up  to  3.33  MJ/MJinput  if  the  co-products  EFB, 
POME  and  PKS  are  considered  as  energy  sources.  If  the  steam  and 
power  production  of  the  CPO  mills  are  improved  using  a  cogen¬ 
eration  system,  the  efficiency  of  the  overall  system  is  estimated  at 
60%  and  the  energy  output  11.87  MJ/kgPME- 

Souza  et  al.  [102]  assessed  the  production  of  PME  in  Amazon 
region  in  Brazil.  The  total  energy  input,  without  allocation  of 


co-products  was  790  MJ/kgPME.  If  all  co-products  were  used  in  the 
plant  to  supply  steam  and  electricity,  whose  demand  was  of 
8.98  MJ/kgPME.  The  surplus  of  electricity  was  counted  as  output 
energy  (2.76  MJ/kgbiodiesei),  and  together  with  PME  resulted  in 
39.55  MJ/kgbi0djesei-  The  fuel  consumption  was  responsible  for  18% 
of  the  GHG  emissions  in  the  palm  biodiesel  life  cycle.  The  NER 
calculated  in  their  study  resulted  in  5.37  MJ/MJinput.  with  1437  kg 
C02eq/ha,  which  can  reduce  80.0  g  C02eq/MJ  in  comparison  of 
diesel. 

The  LCEA  of  PME  analyzed  by  Pleanjai  and  Gheewala  [103]  in 
Thailand  in  perspective.  The  transportation  distance  is  responsible 
by  30%  of  the  energy  consumption.  Together  with  methanol  and 
fertilizers,  they  were  responsible  by  more  than  85%  of  energy 
consumption.  An  important  point  considered  was  the  use  of 
co-products  for  electricity  and  steam  generation.  In  this  way,  the 
NER  of  PME  without  co-products  was  2.42  MJ/MJinput,  which  is  still 
higher  than  1.0,  indicating  a  favorable  result.  A  summary  of  the 
inventory  data  for  PME  of  all  the  studies  is  shown  in  Table  6. 


4.  Results  and  discussion 

As  shown  above,  the  biofuel  production  systems  were  analyzed 
using  five  environmental  impacts,  that  are  functions  of  mass/ 
energy  input  inventories  and  emissions  (soil,  water  and  air)  output 
inventories. 
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Table  6 

Summary  of  inventory  data  for  PME  production. 


Parameter 

Unit 

Costa  [99] 

Kamahara  et  al.  [100] 

Papong  et  al.  [101] 

Souza  et  al.  [102] 

Pleanjai  and  Gheewala  [103] 

Agricultural  stage 

Productivity  FFB 

kg  FFB/ha 

2.50E+04 

1.76E  +  04 

1.65E+04 

2.04E  +  04 

1.72E  +  04 

Nitrogen 

kg/MJbj0diesel 

7.28E-04 

1.81  E-  03 

1.03E-03 

2.67E-04 

1.38E-03 

p2o5 

kg/MJbj0diesel 

7.28E-04 

1.49E-03 

1.28E-03 

5.21  E- 04 

8.97E-06 

I<20 

kg/MJbjoc]iesel 

2.67E-03 

1.80E-03 

3.08E-03 

9.56E-04 

2.56E-03 

Magnesium 

kg/MJbjodiesel 

1.46E-04 

1.62E-03 

- 

7.46E-05 

1.25E-03 

Boron 

kg/MJbjodiesel 

4.85E-05 

1.91  E- 03 

1.17E-04 

3.69E-05 

1.11  E  — 04 

Diesel  fuel 

kg/MJbiodiesei 

2.59E-04 

1.22E-04 

9.90E-05 

- 

4.31  E- 05 

Herbicide 

kg/MJbj0diesel 

1.60E-08 

1.67E-06 

1.46E-05 

1.62E-05 

4.97E-05 

Insecticide 

kg/MJbj0diesel 

9.28E-06 

1.24E-08 

6.67E-06 

7.77E-06 

1.77E-05 

Lubricants 

kg/MJbiodiesei 

1.33E-05 

- 

- 

- 

- 

Seeds 

kg/MJbiodiesei 

2.16E-04 

- 

- 

1.16E-03 

1.74E-03 

Gasoline 

kg/MJbj0diesel 

5.18E-07 

- 

1.33E-05 

- 

- 

Transport  stage 

Diesel  fuel 

kg/MJbiodiesei 

3.79E-04 

1.15E-04 

1.08E-03 

7.82E-04 

1.77E-03 

Crushing  and  Refining  stage 

FFB  input  l<g/MJbiodiesei 

1.35E-01 

1.25E-01 

1.07E-01 

1.32E-01 

1.79E-01 

Oil  content 

% 

4.92E-01 

5.51  E- 01 

8.31  E- 01 

5.26E-01 

4.18E-01 

Water 

kg/MJbiodiesei 

4.54E-02 

- 

6.49E-02 

4.69E-02 

5.67E-02 

Diesel  fuel 

kg/MJbjodiesel 

2.36E-04 

1.51  E- 04 

7.59E-05 

7.18E-05 

1.39E-04 

Electricity 

kWh/MJbiodiesel 

2.69E-03 

5.13E-04 

2.05E-03 

2.69E-03 

2.48E-04 

Outputs 

CPO 

kg/MJbj0diesel 

2.59E-02 

2.69E-02 

3.46E-02 

2.69E-02 

2.92E-02 

Palm  kernel 

kg/MJbiodiesel 

3.82E-03 

5.38E-03 

7.56E-04 

7.00E-03 

9.59E-03 

Fibers 

kg/MJbiodiesei 

1.72E-02 

1.76E-02 

2.77E-02 

1.71  E- 02 

5.08E-02 

Palm  shells 

kg/MJbj0diesel 

1.17E  — 02 

6.69E-03 

5.90E-03 

9.23E-03 

1.17E-02 

POME 

kg/MJbj0diesel 

9.46E  —  02 

4.44E-02 

7.51  E- 02 

8.85E-02 

8.62E-02 

EFB 

kg/MJbiodiesei 

2.69E-02 

3.13E-02 

2.77E-02 

2.97E-02 

4.82E-02 

Transesterification  stage 

Water  kg/MJbiodiesei 

3.72E-03 

5.13E-03 

NaOH 

kg/MJbj0diesel 

5.13E-05 

2.35E-04 

1.50E-04 

1.55E-04 

2.56E-04 

Diesel  fuel 

kg/MJbiodiesei 

- 

- 

- 

4.82E-04 

3.15E-05 

Methanol 

kg/MJbj0diesel 

2.54E-03 

3.46E-03 

4.62  E  — 03 

2.56E-03 

4.62E-03 

Sodium  methoxide 

kg/MJbj0diesel 

1.28E-04 

- 

- 

- 

- 

Sulfuric  acid 

kg/MJbiodiesel 

- 

- 

- 

1.38E-04 

- 

Hydrogen  chloride 

kg/MJbj0diesel 

2.56E-04 

- 

- 

- 

- 

Fuel  oil 

kg/MJbj0diesel 

- 

- 

7.69E-04 

- 

- 

Electricity 

kWh/MJbiodiesel 

2.95E-04 

7.87E-03 

1.28E-05 

4.26E-03 

2.12E-03 

Outputs 

Biodiesel 

kg/MJbj0diesel 

2.56E-02 

2.56E-02 

2.56E-02 

2.56E-02 

2.56E-02 

Glycerol 

kg/MJbjodiesel 

2.97E-03 

4.28E-03 

5.38E-03 

8.10E-03 

4.62E-03 

4.1.  Ethanol 

4.1.1.  Life  cycle  impact  assessment 

4.1. 1.1.  Abiotic  depletion  potential.  The  ADP  impact  category 
measures  the  consumption  of  non-renewable  resources  during 
the  WTT  life  cycle  of  biofuel  produced  via  different  processes. 
Fig.  4  illustrates  the  ADP  environmental  impact  of  ethanol 
production.  The  ADP  of  the  analyzed  studies  ranges  from 
1.05E-4kg  Sb-eq./MJethanoi  (Capaz  [93])  to  1.27E  — 4kg  Sb-eq./ 
MJ ethanol  (Macedo  et  al.  [94]). 

As  pointed  out  in  both  studies,  agricultural  stage  has  the 
highest  impacts  on  ADP,  due  to  the  large  consumption  of  fertili¬ 
zers,  diesel  fuel  and  lime.  A  comparison  of  two  studies  showed 
that  the  one  done  by  Capaz  [93]  presented  the  best  values  of  ADP 
environmental  impact  in  relation  to  the  Macedo  et  al.  [94], 
because  inventory  data  correspond  to  an  increase  of  low  tillage 
practices  and  mechanical  planting.  Two  more  works  were  included 
to  compare  the  environmental  impacts  with  the  selected  studies 
for  sugarcane  ethanol  meta-analysis. 

Luo  et  al.  [131]  carry  out  a  comparative  LCA  study  to  analyze 
the  Brazilian  ethanol  production  from  sugarcane  with  two  cases: 
base  case  (electricity  generation  from  bagasse)  and  future  case 
(ethanol  production  from  both  sugarcane  and  bagasse  and  elec¬ 
tricity  generation  from  wastes).  In  both  cases  sugar  was  a 
co-product.  The  LCIA  method  considered  in  the  evaluation  of  the 


impacts  was  the  CML  2000.  The  FU  assumed  was  1.0  km  of  driving 
midsize  car.  When  the  data  is  set  at  the  same  level  of  FU,  the 
reported  value  by  Luo  et  al.  [131]  for  ACP  is  8.70E-5  kg  Sb-eq./ 

MJethanol- 

Cavalett  et  al.  [132]  carried  out  a  study  that  makes  a  compar¬ 
ison  between  environmental  impacts  of  gasoline  and  ethanol 
production  from  sugarcane  in  Brazil.  The  LCIA  methods  considered 
in  the  evaluation  of  the  impacts  were:  CML  2001,  Impact  2002+ , 
EDIP  2003,  Eco-Indicator  99,  TRACI  2,  ReCiPe  and  Ecological 
Scarcity  2006.  The  boundaries  included:  harvesting,  transport, 
industrial  ethanol  production,  distribution  and  final  use  of  fuel; 
the  FU  assumed  by  Cavalett  et  al.  [132]  was  1.0  MJ  of  fuel  (gasoline 
or  ethanol).  The  results  reported  by  the  authors  for  ADP  were 
7.67E-5  kg  Sb-eq./MJethanol. 

4.1.12.  Global  warming  potential.  The  GWP  environmental  impact 
in  the  analyzed  studies  are  shown  in  Fig.  5.  The  GWP  of  the 
analyzed  studies  ranges  from  3.60E-3kg  C02-eq./MJethanoi 
(Macedo  et  al.  [94])  to  6.26E-3  kg  C02-eq./MJethanoi  (Capaz  [93]). 

In  ethanol  studies,  the  increasing  mechanization  of  the  agri¬ 
culture,  the  pre-burning  in  the  harvesting  and  the  transport,  are 
responsible  for  the  most  of  the  emissions.  The  ethanol  production 
presented  low  values  (on  average  of  4.93  g  C02-eq./MJethanoi) 
because  the  high  agricultural  yield  (an  average  of  83  tc/ha),  the 
use  of  bagasse  to  generate  power  and  steam  for  the  process  and 
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Copoz  [93]  Mocedo  et  ol.  [94]  Luo  et  ol.  [131]  Cavolett  et  al.  [132] 


|:  ■  |  Agricultural  stoge 


□  Transport  stoge 


Industrial  processing  stoge 


Fig.  4.  ADP  in  life  cycle  of  ethanol  production. 
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Fig.  5.  GWP  in  life  cycle  of  ethanol  production. 
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also  the  use  of  the  stillage  and  filter  cake  as  fertilizers  in  the 
agricultural  stage.  The  high  productivity  results  in  lower  energy 
input  in  the  agricultural  stage,  which  is  mainly  referred  to  the 
consumption  of  diesel  in  agricultural  operations.  The  intensifica¬ 
tion  of  mechanization  results  in  an  increase  of  the  GHG  emissions. 
Capaz  [93]  accounted  50%  of  the  mechanical  harvesting,  in  con¬ 
trast  to  Macedo  et  al.  [94]  that  registered  about  36%. 

The  calculated  values  of  gaseous  emissions  of  C02-eq./MJethanoi 
from  ethanol  process  are  different  from  Luo  et  al.  [131],  because 
their  study  considers  the  transport  and  utilization  of  ethanol  as 
vehicular  fuel.  The  result  presented  by  Cavalett  et  al.  [132]  to  GWP 
for  ethanol  chain  is  2.40E-2kg  C02-eq./MJethanoi,  because  con¬ 
sider  the  Well-to-Wheel  (WTW)  analysis. 

Seabra  and  Macedo  [120]  reported  that  the  comparison 
between  GHG  emissions  for  ethanol  and  electricity  production 
are  difficult,  because  of  the  life  cycle  boundaries  of  the  study  and 
the  inclusion  of  co-products  credits  and  allocation  of  this 
co-products.  The  authors  reported  ethanol  life  cycle  GHG  emis¬ 
sions  between  5.0  and  19.0  g  C02-eq./MJethanO|  produced. 

The  results  of  the  LCA  studies  strongly  depend  on  the  quality  of 
the  information  given  as  input.  Understanding  this  issue,  becomes 
of  primary  importance,  when  the  LCA  approach  is  applied  to 
provide  quantitative  assessments,  for  very  large  and  complex 


chains,  as  it  is  the  case  of  biofuels.  Therefore,  the  results  of  LCA 
studies  could  be  different  for  various  reasons,  among  them  the 
region,  the  agricultural  and  industrial  practices,  the  inventory 
data,  etc. 

4.3. 3.3.  Human  toxicity  potential.  The  HTP  environmental  impact  is 
mainly  attributed  to  herbicides,  pesticides  and  fertilizer  utilization 
in  agricultural  activities  for  biofuels  production.  Pesticides  are 
biologically  active  substances  with  a  compound-specific  inherent 
toxicity  and  contain  heavy  metals,  such  as  Cd,  Zn,  Co,  Se  and  Hg, 
with  high  impact  over  the  aquatic  and  terrestrial  ecotoxicity  and 
human  toxicity  [133], 

The  HTP  values  of  the  analyzed  studies  are  shown  in  Fig.  6.  The 
HTP  of  the  analyzed  studies  ranges  from  1.74E-4kg  1,4  DB-eq./ 
MJethanoi  (Macedo  et  al.  [94])  to  2.38E-4kg  1,4  DB-eq./MJethanol 
(Capaz  [93]).  When  the  energy  used  in  the  industrial  process  of 
ethanol  production  is  generated  by  self-production  through 
co-products  (bagasse),  the  HTP  impact,  via  air,  is  lower  because 
the  CML  2  Baseline  2000  method  considers  the  emissions  of  NH3, 
N02,  NOx  and  NH4  to  air. 

The  HTP  impact  through  air  and  water  are  the  most  significant 
potential  impacts  for  the  life  cycle  of  ethanol.  The  contribution 
to  HTP  environmental  impact  in  the  agricultural  stage  were 
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Fig.  6.  HTP  in  life  cycle  of  ethanol  production. 
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accounted  by  Capaz  [93]  (57%)  and  Macedo  et  al.  [94]  (36%),  the 
transport  stage  for  Capaz  [93]  (27%)  and  for  Macedo  et  al.  [94] 
(29%);  the  industrial  processing  stage  after  Capaz  [93]  (15%)  and 
for  Macedo  et  al.  [94]  (35%).  In  the  same  FU  basis,  the  HTP 
environmental  impact  by  Luo  et  al.  [131]  is  2.24E-2  kg  1,4  DB- 
eq./MJethanoi  and  by  Cavalett  et  al.  [132]  the  HTP  is  6.59E-3  kg  1,4 
DB-eq./MJethanol- 

4.1.3.4.  Acidification  potential.  This  impact  category  derives  from 
acidifying  pollutants,  such  as  NH3,  N02,  NO*,  S02  and  SO*  reaching 
the  atmosphere  and  reacting  with  water  vapor  to  form  acids. 
In  this  study,  ACP  results,  mainly  from  the  emissions  of  S02  and 
NO*,  are  shown  in  Fig.  7.  The  agricultural  stage  presented  the 
largest  contribution,  due  to  the  use  of  fertilizers  and  chemicals 
(herbicides  and  pesticides). 

The  ACP  of  the  analyzed  studies  ranges  from  7.86E  -  5  kg  S02- 
eq./MJethanol  (Macedo  et  al.  [94])  to  9.81E-5  kg  S02-eq./MJeth.moi 
(Capaz  [93]).  Acidifying  emissions  are  generally  related  to  combus¬ 
tion  of  fossil  fuels,  hence  the  transportation  stage  is  responsible  for 
24%  of  the  ACP  impacts  (Capaz  [93])  and  29%  (Macedo  et  al.  [94]). 
The  agricultural  stage  accounts  for  59%  of  the  impacts  in  this 
category  (Capaz  [93])  and  50%  (Macedo  et  al.  [94]),  due  mainly  to 
fertilizers  production  and  utilization  and  emissions  of  S02  from 
phosphate  fertilizer.  Luo  et  al.  [131]  reported  value  of  ACP  impact 
of  4.90E-4kg  S02-eq./MJethanoi  and  the  result  presented  by 
Cavalett  et  al.  [132]  for  ACP  impact  is  3.98E-4  kg  S02-eq./MJethanoi. 

4.1.3. 5.  Eutrophication  potential.  The  ETP  covers  all  potential  impacts 
of  excessively  high  environmental  levels  of  macronutrients,  the  most 
important  of  which  are  N-P205.  Nutrient  enrichment  may  cause  an 
increase  in  the  aquatic  plant  growth  and/or  the  shift  in  species 


composition  in  both  aquatic  and  terrestrial  ecosystems,  consumption 
of  oxygen  the  biomass  decomposition. 

In  this  study,  it  was  considered  that  the  emissions  of  NH3, 
HN03,  NO,  N02iN0J,  NH4  to  air  and  Chemical  Oxygen  Demand 
(COD),  Total-P,  Total-N,  phosphorus  (P),  H3P04,  NOJ,  N02  ,  NO,  NO* 
emissions  to  water  contribute  to  the  ETP.  Fig.  8  shows  that  the 
agricultural  stage  is  responsible  for  the  major  individual  indexes  of 
contribution  to  this  environmental  impact  category. 

The  ETP  of  the  analyzed  studies  ranges  from  1.66E  -  5  kg 
P043-eq./MJethanoi  (Macedo  et  al.  [94])  to  2.13E-5kg  PO^-eq./ 
MJethanoi  (Capaz  [93]).  The  contribution  to  ETP  environmental 
impact  of  the  agricultural  stage  by  Capaz  [93]  is  72%  and  by 
Macedo  et  al.  [94]  65%.  The  transport  stage  can  contributes  with 
28%  (Capaz  [93])  and  35%  (Macedo  et  al.  [94]).  The  industrial 
processing  stage  could  be  negligible  in  relation  to  this  impact 
category.  Luo  et  al.  [131]  reported  value  of  ETP  of  1.27E-4kg 
P043-eq./MJethanoi  and  the  result  presented  by  Cavalett  et  al.  [132] 
for  ETP  is  9.73E-5  kg  PO^-eq./MJethanoi- 


4.2.  Biodiesel 

4.2.3.  Life  cycle  impact  assessment 

4.2.I.I.  Abiotic  depletion  potential.  Fig.  9  shows  the  ADP 
environmental  impact  of  biodiesel  production.  The  ADP  of 
biodiesel  from  soybean  in  the  analyzed  studies  ranges  from 
1.06E-4kg  Sb-eq./MJbiodiesei  (Capaz  [93])  to  7.46E-4kg  Sb-eq./ 
MJbiodiesei  (Tsoutsos  et  al.  [96]).  The  ADP  of  biodiesel  from  palm  oil 
at  the  analyzed  studies  ranges  from  8.50E-5  kg  Sb-eq./MJbi0diesei 
(Souza  et  al.  [102])  to  4.48E-4kg  Sb-eq./MJbi0diesei  (Kamahara 
et  al.  [100]).  The  base  case  study  of  Costa  [99]  present  a  ADP  of 
2.45E-4  kg  Sb-eq./MJbiodiesei- 
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Fig.  7.  ACP  in  life  cycle  of  ethanol  production. 
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Fig.  8.  ETP  in  life  cycle  of  ethanol  production. 


Fig.  9.  ADP  in  life  cycle  of  biodiesel  production. 
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In  general  the  agricultural  stage  presents  the  highest  values 
because  of  the  consumption  of  chemicals  and  fertilizers.  In  the 
case  of  soybean  biodiesel,  the  crushing  and  refining  stage  shows 
higher  values  in  comparison  with  the  palm  oil  biodiesel,  due  to  the 
intense  use  of  electricity  and  crude  oil  (Tsoutsos  et  al.  [96]),  diesel 
and  electricity  (Cavalett  and  Ortega  [95])  and  natural  gas  (Pradhan 
et  al.  [97]).  In  the  palm  oil  biodiesel  is  common  the  use  of 
co-products  to  generate  power  and  steam  for  the  process,  that 
justified  the  lowest  values,  except  in  Kamahara  et  al.  [100]  and 
Papong  et  al.  [101]  that  presents  high  values  to  this  impact,  due  to 
the  consumption  of  magnesium  and  boron  in  this  stage.  Two  more 
works  were  included  to  compare  the  environmental  impacts  with 
the  selected  studies  for  meta-analysis. 

Hou  et  al.  [134]  assumed  that  the  FU  was  1.0  MJ  of  energy  from 
biodiesel  in  the  WTW  perspective.  The  boundaries  included 
production  of  chemicals  and  process  energy,  agriculture  of  bio¬ 
mass  feedstock,  production  of  biodiesel,  biomass  and  biodiesel 
transport  sections  and  final  vehicle  use  operations.  The  reported 
result  by  the  authors  to  ADP  of  biodiesel  production  from  soybean 
was  1.68E-4  kg  Sb-eq./MJbk,dieSei. 

Silalertruksa  and  Gheewala  [135]  carried  out  a  study  to  assess 
the  environmental  sustainability  of  palm  oil  biodiesel  in  Thailand, 
but  it  will  not  be  possible  to  compare  the  obtained  results  of  ADP 
because  the  authors  did  not  assess  the  ADP  environmental  impact 
category. 

4.2.I.2.  Global  warming  potential.  Fig.  10  shows  the  GWP 
environmental  impact  of  biodiesel  production.  The  GWP  impact 
of  the  biodiesel  from  soybean,  in  the  analyzed  studies,  ranges  from 
8.04E  — 3  kg  C02-eq./MJbiodieSei  (Capaz  [93])  to  4.25E-2kg  C02- 
eq./IVlJbi0djeSei  (Pradhan  et  al.  [97]).  The  GWP  impact  of  biodiesel 
from  palm  oil  in  the  analyzed  studies  ranges  from  1.74E-3kg 
C02-eq./MJbiodiesei  (Kamahara  et  al.  [100])  to  1.29E-2  kg  C02-eq ./ 
MJwodiesei  (Pleanjai  and  Gheewala  [103]).  The  base  case  study 
Costa  [99]  present  a  GWP  of  3.12E-3  kg  C02-eq./MJbiOdiesei- 


The  palm  oil  biodiesel  system  presented  low  GWP  values  (on 
average  5.1  g  C02-eq./MJbiodiesel)  because  of  the  high  agricultural 
yield  (19.0 1  FFB/ha)  and  the  use  of  agricultural  residues  to 
generate  power  and  steam  for  the  process.  The  transport  stage 
(Papong  et  al.  [101];  Souza  et  al.  [102];  Pleanjai  and  Gheewala 
[103])  and  industrial  stage  (Cavalett  and  Ortega  [95];  Tsoutsos 
et  al.  [96];  Pradhan  et  al.  [97];  Carraretto  et  al.  [98]  and  Costa  [99]) 
are  generally  responsible  for  the  major  emissions  of  GHG  during 
the  life  cycle  of  biodiesel  production. 

In  Pleanjai  and  Gheewala  [103]  the  transport  stage  was 
responsible  for  86%  of  total  emissions  (12.9  g  C02  eq./MJbi0diesei) 
due  to  the  inefficient  logistic  between  field  and  mill,  using  truck 
transport  in  almost  1500  km  of  distance.  On  average,  biodiesel 
Brazilian  base  case  studies  (Capaz  [93]  and  Costa  [99])  presented 
low  values,  one  of  the  causes  is  the  low  distance  to  transport  (near 
to  20  km). 

The  reported  result  by  Huo  et  al.  [134]  to  GWP  for  biodiesel 
production  from  soybean  was  3.51E-2kg  C02-eq./MJbiodjesei. 
When  the  data  is  set  on  the  same  level  of  FU  the  reported  result 
by  the  Silalertruksa  and  Gheewala  [135]  to  GWP  for  biodiesel 
production  from  palm  oil  was  3.44E-2  kg  C02-eq./MJbjOdiesei- 

4.2.13.  Human  toxicity  potential.  The  focus  of  HTP  impact  category 
is  the  long-term  exposure  to  chemicals  in  the  regional  and  global 
environment  estimated  through  the  acceptable  daily  intake  and 
predicted  daily  intake.  In  the  results,  HTP  is  originated  from 
emissions  of  NOx,  S02  and  particulates.  As  the  substances 
causing  HTP  are  mostly  the  same  as  the  acidifying  substances, 
the  stages  contributing  mainly  to  the  two  impact  categories 
(terrestrial  and  aquatic  ecotoxicity)  are  also  similar.  Fig.  11 
illustrates  the  impacts  related  the  HTP  for  biodiesel  production. 

The  HTP  impact  of  biodiesel  from  soybean  from  the  analyzed 
studies  ranges  from  1.52E-3  kg  1,4  DB-eq./MJbiodjesei  (Capaz  [93]) 
to  8.70E-3  kg  1,4  DB-eq./MJbiodiesei  (Pradhan  et  al.  [97]).  The  HTP 
impact  of  biodiesel  from  palm  oil  of  the  analyzed  studies  ranges 
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Fig.  10.  GWP  in  life  cycle  of  biodiesel  production. 
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Fig.  11.  HTP  in  life  cycle  of  biodiesel  production. 


from  1.31E  — 4  kg  1,4  DB-eq./MJbiodiesei  (Souza  et  al.  [102])  to 
9.15E-4kg  1,4  DB-eq./MJbiodiesei  (Papong  et  al.  [101]).  The  base 
case  study  of  Costa  [99]  present  a  HTP  of  1.37E-4  kg  1,4  DB-eq./ 

MJbiodiesel* 

In  terms  of  HTP,  the  impact  was  huge,  mainly  in  soybean 
biodiesel  production,  during  oil  extraction  due  to  the  fossil 
fuels  consumption,  for  instance  fuel  oil  (Capaz  [93];  Cavalett  and 
Ortega  [95]  and  Tsoutsos  et  al.  [96]),  natural  gas  (Pradhan  et  al. 
[97])  and  electricity  (Carraretto  et  al.  [98]).  The  same  is  observed  in 
ACP,  when  the  use  of  fertilizers  and  pesticides  determines  high 
impacts. 

The  conversion  stage  presented  high  values  to  HTP  because  in 
the  transesterification  step  fuel  oil  (Capaz  [93]  and  Papong  et  al. 
[101]),  natural  gas  (Pradhan  et  al.  [97])  and  electricity  (Tsoutsos 
et  al.  [96]  and  Pleanjai  and  Gheewala  [103]).  When  the  energy 
used  in  the  industrial  process  of  palm  oil  biodiesel  production  is 
generated  through  co-products  (PI<S,  EFB  and  POME)  the  HTP 
impacts  are  lower  (Costa  [99];  Kamahara  et  al.  [100]  and  Souza 
et  al.  [102]).  The  result  presented  by  Huo  et  al.  [134]  to  HTP  for 
biodiesel  from  soybean  was  1.29E-2  kg  1,4  DB-eq./MJbiodjeSei.  The 
ones  presented  by  Silalertruksa  and  Gheewala  [135]  to  HTP  for 
biodiesel  production  from  palm  oil  was  6.85E-5kg  1,4  DB-eq./ 

MJbiodiesel* 


42.1.4.  Acidification  potential.  The  ACP  impact  from  the  emissions 
of  S02  and  NO*,  are  according  to  Fig.  12.  The  ACP  of  biodiesel  from 
soybean  in  the  analyzed  studies  ranges  from  1.37E-4  kg  S02-eq ./ 
MJbiodiesei  (Tsoutsos  et  al.  [96])  to  3.80E-4kg  S02-eq./MJbiodiesel 
(Pradhan  et  al.  [97]).  The  base  case  study  Capaz  [93]  presents  an 
ACP  of  1.65E-4  kg  S02-eq./MJbiodiesel.  The  ACP  of  biodiesel  from 
palm  oil,  in  the  analyzed  studies,  ranges  from  5.21E-5  kg  S02-eq ./ 
MJbiodiesei  (Costa  [99])  to  2.01E-4  kg  S02-eq./MJbiodiesel 
(Pleanjai  and  Gheewala  [103]).  In  general,  it  can  be  observed 


that  the  biodiesel  production  from  soybean  has  a  much  greater 
acidification  impact  than  the  biodiesel  production  from  palm  oil. 

In  general,  the  agricultural  stage  presented  the  highest  con¬ 
tribution  to  ACP  environmental  impact  due  to  extensive  use  of 
fertilizers  and  chemicals  (herbicides  and  insecticedes).  The  base 
case  of  Costa  [99]  reported  the  lowest  acidification  impact  due  to 
low  consumption  of  fertilizers.  The  high  values  of  ACP  observed  in 
Pleanjai  and  Gheewala  [103]  correspond  to  the  large  transporta¬ 
tion  distances  between  the  palm  oil  plantation  and  the  factory,  in 
addition  to  the  fact  that  this  transport  is  inefficient.  The  high 
contributions  of  the  crushing  and  refining  stage  to  this  environ¬ 
mental  impact  category  found  in  Cavalett  and  Ortega  [95]; 
Tsoutsos  et  al.  [96];  Pradhan  et  al.  [97]  and  Carraretto  et  al.  [98] 
correspond  to  the  fossil  fuels  consumption  in  these  steps. 

The  reported  result  by  the  Huo  et  al.  [134]  to  ACP  for  biodiesel 
production  from  soybean  was  1.42E-3  kg  S02-eq./MJbiodiesei.  Sila¬ 
lertruksa  and  Gheewala  [135]  reported  ACP  values  for  biodiesel 
pro  duction  from  palm  oil  of  5.50E-5  kg  S02-eq./MJbjOdiesei. 

42.1.5.  Eutrophication  potential.  Fig.  13  illustrates  the  impacts  related 
to  the  ETP  of  biodiesel  production.  Note  that  the  agricultural  stage 
shows  the  major  individual  values  of  contribution  to  this 
environmental  impact  category.  The  ETP  of  biodiesel  from 
soybean  in  these  studies  ranges  from  8.23E-6kg  P043-eq./MJbiodiesei 
(Tsoutsos  et  al.  [96])  to  7.92E-5  kg  P043-eq./MJbjOdiesei  (Cavalett  and 
Ortega  [95]).  The  base  case  study  of  Capaz  [93]  presents  an  ETP  of 
6.46E-  5  kg  P043-eq./MJbiodieSei-  The  ETP  of  biodiesel  from  palm  oil  of 
the  referenced  studies  ranges  from  1.20E-5kg  P043-eq./MJbiodiesei 
(Costa  [99])  to  4.28E-  5  kg  P043-eq./MJbiodiesei  (Pleanjai  and  Gheewala 
[103]). 

In  general,  it  can  be  observed  that  the  biodiesel  production  from 
soybean  has  a  greater  eutrophication  impact  than  the  one  of  biodiesel 
production  from  palm  oil.  The  life  cycle  biodiesel  production  from 
soybean  has  a  highest  contribution  to  eutrophication  due  to  an 
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Fig.  12.  ACP  in  life  cycle  of  biodiesel  production. 
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Fig.  13.  ETP  in  life  cycle  of  biodiesel  production. 


extensive  use  of  fertilizers  containing  nitrogen  (urea)  and  phosphate; 
in  contrast,  the  palm  oil  biodiesel  production  has  low  eutrophication 
impacts,  except  in  the  values  reported  by  Pleanjai  and  Gheewala  [103], 
because  of  the  high  contribution  of  the  transport  stage. 


Huo  et  al.  [134]  reported  value  of  ETP  environmental  impact  of 
3.15E-4  kg  PO^  ^  -eq./MJbiodiesei  for  biodiesel  production  from  soybean. 
The  result  of  HTP  by  Silaleitruksa  and  Gheewala  [135]  for  biodiesel 
production  from  palm  oil  was  1.41E-5  kg  PO^-eq./MJbiociiesei- 
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4.3.  Life  cycle  energy  assessment 

In  the  LCEA  of  the  biofuels  produced  in  different  systems  the 
influence  of  the  characteristics  of  the  raw  material,  the  process 
productivity  and  the  use  of  co-products  in  the  process  are  high¬ 
lighted.  The  energy  flows  through  ethanol  and  biodiesel  produc¬ 
tion  from  soybean  oil  and  palm  oil  will  be  also  discussed. 

4.3.1.  Ethanol 

The  ethanol  production  system  from  sugarcane  is  characterized 
for  high  agricultural  yields.  Capaz  [93]  and  Macedo  et  al.  [94] 
presented  average  yields  from  the  Center-South  region  of  Brazil. 
Table  7  shows  the  LCEA  for  ethanol  production.  The  intensification 
of  the  mechanization  results  in  an  increase  of  diesel  consumption. 

The  contribution  of  fertilizers  is  lower  in  scenario  2  in 
Capaz  [93]  and  Macedo  et  al.  [94]  due  to  the  use  of  stillage  and 
filter  cake  as  fertilizers  of  sugarcane.  It  is  known  that  the  yield  of 
the  process  of  ethanol  production  is  closely  linked  to  the  sucrose 
concentration  in  sugarcane.  Thus,  the  data  relating  to  varieties 
considered  in  Capaz  [93]  gave  values  of  sucrose  content  (pol)  and 
bagasse  next  to  14.26%  and  12.79%,  respectively,  giving  a  yield 
86.5Lethanoi/tc  and  the  implementation  of  a  cogeneration  process 
with  a  steam  cycles  at  2.2  MPa,  which  allows  to  reach  54.0  MJ/tc  of 
electricity. 

Macedo  et  al.  [94]  just  considered  the  generation  of  surplus 
bagasse,  which  was  evaluated  by  its  LHV  (7.50  MJ/kg).  The  average 
difference  in  the  industrial  stage  between  the  studies  shows  how 
the  use  co-products  and  the  industrial  yield  impact  the  final 
results.  In  ethanol  production  2.85  kj  of  energy  input  are 
required  to  convert  sugarcane  into  1.0  MJ  of  ethanol.  In  this  case, 
the  chemical  inputs,  of  sulfur,  cyclohexane  and  lime  are  associated 
to  more  than  80%  of  energy  consumption  at  the  industrial 
processing  stage. 

This  percentage  could  suffer  a  decline  when  the  inputs  for 
equipment  and  buildings  are  accounted,  as  done  in  Macedo  et  al. 
[50];  Boddey  et  al.  [136];  Seabra  [137];  Coelho  et  al.  [138];  Oliveira 
et  al.  [139];  Pimentel  and  Patzek  [140];  Nogueira  [141],  The  scale  of 
the  facility  considered  induces  deviations  in  the  results;  however 


Table  7 

LCEA  of  ethanol  production  from  sugarcane  in  Brazil. 


Parameter 

Capaz  [93]  - 
scenario  1 

Capaz  [93]  - 
scenario  2 

Macedo 
et  al.  [94]  - 
scenario  1 

Macedo 
et  al.  [94]  - 
scenario  2 

Input 

103.33 

101.66 

92.37 

78.12 

(m/Mjethanoi) 

Agricultural 

80.13 

78.47 

67.11 

57.60 

stage 

Fertilizers 

30.03 

18.36 

34.61 

27.40 

Chemical 

10.30 

10.30 

9.99 

9.36 

application 

Diesel 

37.28 

47.30 

19.81 

18.56 

Electricity 

0.00 

0.00 

0.00 

0.00 

Other  fuels 

0.00 

0.00 

0.00 

0.00 

Seeds 

2.51 

2.50 

2.69 

2.28 

Transportation 

20.28 

20.28 

22.35 

17.79 

stage 

Industrial 

2.92 

2.92 

2.92 

2.73 

processing 

stage 

Diesel 

0.00 

0.00 

0.00 

0.00 

Chemical 

2.55 

2.55 

2.55 

2.39 

Electricity 

0.00 

0.00 

0.00 

0.00 

Lubricants 

0.37 

0.37 

0.37 

0.35 

Outputs 

1176.54 

1176.54 

1087.78 

1154.25 

(l<J/MJethanol) 

Ethanol 

1000.00 

1000.00 

1000.00 

1000.00 

Co-products 

176.54 

176.54 

87.78 

154.25 

both  studies  considered  an  autonomous  plant  of  120,000  L/day, 
which  explains  the  closeness  of  the  values.  In  both  studies,  the 
values  of  the  co-products  generated  were  provided  by  the  Sugar¬ 
cane  Technology  Center  (CTC),  and  corresponding  to  the  average  of 
mills  in  the  Sao  Paulo  State.  The  Mill’s  energy  self  sufficiency  is 
always  considered  [142].  Moreover,  there  are  several  options  to 
reduce  the  land  demand  for  ethanol  production,  increase  the 
environmental  benefits  and  increase  the  overall  NER  of  ethanol 
production  [142-146], 

For  the  reasons  discussed  above,  the  indicators  of  the  produc¬ 
tion  system  of  ethanol  were  higher  (Table  8).  In  Capaz  [93]  and 
Macedo  et  al.  [94]  scenario  2  higher  values  were  found  due  to 
technological  improvements.  It  will  not  be  possible  to  compare  the 
NER  of  ethanol  production  of  Capaz  [93]  and  Macedo  et  al.  [94] 
with  the  studies  of  Luo  et  al.  [131]  and  Cavalett  et  al.  [132]  because 
the  latest  did  not  assess  the  energy  balances. 


4.3.2.  Biodiesel 

4.3.2.I.  Soybean.  According  to  Table  9,  the  agricultural  stage  of 
biodiesel  production  from  soybean  is  responsible  for  higher 
energy  consumption,  except  in  Tsoutsos  et  al.  [96],  who  did  not 
account  the  contribution  of  phosphorus,  potassium,  seeds  and 
diesel  required  in  the  agricultural  operations.  Cavalett  and  Ortega 
[95]  presented  the  highest  energy  demand  due  to  the  intense  use 
of  pesticides  and  electricity  for  the  tillage  operation  systems.  On 
the  other  hand,  both,  Capaz  [93]  and  Pradhan  et  al.  [97]  studies, 
presented  lower  energy  consumptions  associated  to  fertilization 
because  considered  the  biological  fixation  of  nitrogen  in  the 
soybean  roots. 

The  intense  agricultural  mechanization  in  the  case  studies  of 
Cavalett  and  Ortega  [95];  Pradhan  et  al.  [97];  Carraretto  et  al.  [98] 
give  a  high  consumption  of  diesel,  of  140.0;  55.0  and  65.0  L/ha, 
respectively.  In  this  stage,  Pradhan  et  al.  [97]  considered  an  intense 
use  of  gasoline,  natural  gas  and  propane  of  about  22  L/ha;  2.45  L/ 
ha  and  748  L/ha,  respectively. 

In  Pradhan  et  al.  [97],  a  distance  of  80  km  was  considered, 
making  this  stage  responsible  for  about  6%  of  the  whole  energy 
demand,  similar  to  the  5%  observed  in  Carraretto  et  al.  [98], 
In  turn,  in  Capaz  [93]  20.0  km  was  considered,  corresponding  to 
2%.  The  transportation  distance  of  Tsoutsos  et  al.  [96]  was  not 
accounted  due  to  lack  of  data. 

The  energy  input  in  the  industrial  stage  varied  considerably  in 
the  evaluated  studies,  depending  directly  on  the  different  dimen¬ 
sions  of  the  facilities  and  the  fuels  used  to  produce  steam  for  the 
process,  which  is  the  major  energy  expenditure  in  this  stage. 
Tsoutsos  et  al.  [96]  and  Pradhan  et  al.  [97]  have  not  considered  the 
use  of  hexane  in  the  extraction  of  soybean  oil,  and  Capaz  [93] 
considered  the  use  of  renewable  fuel  to  produce  steam  at  about 
0.35  kg  of  wood/kgoii  processed. 


Table  S 

NER  for  ethanol  production. 


Studies 

Input 

Output 

NERtoeal 

NERgthanQi 

NERalloeated 

mi 

(kj/ 

MJethanol) 

MJethanol) 

Capaz  [93]  - 

101.83 

1142.56 

11.22 

9.82 

14.27 

scenario  1 

Capaz  [93]  - 

100.44 

1174.40 

11.69 

9.96 

14.47 

scenario  2 

Macedo  et  al.  [94]  - 

92.37 

1087.78 

11.78 

10.83 

14.44 

scenario  1 

Macedo  et  al.  [94]  - 

78.12 

1154.25 

14.77 

17.36 

20.31 

scenario  2 

Average 

12.37 

11.99 

15.87 

M.H.  Rocha  et  al.  /  Renewable  and  Sustainable  Energy  Reviews  37  (2014)  435-459 


453 


Table  9 

LCEA  of  biodiesel  produced  from  soybean  oil. 


Parameters 

Capaz  [93] 

Cavalett  and  Ortega  [95] 

Tsoutsos  et  al.  [96] 

Pradhan  et  al.  [97] 

Carraretto  et  al.  [98] 

Input  (ltJ/MJ biodiesel ) 

648.11 

1023.75 

861.88 

647.71 

740.44 

Agricultural  stage 

280.01 

501.51 

224.24 

210.45 

398.17 

Fertilizers 

64.11 

77.38 

157.74 

32.31 

199.72 

Chemical  application 

61.20 

153.63 

66.51 

28.88 

20.39 

Diesel 

78.06 

123.44 

0.00 

79.73 

174.56 

Electricity 

0.00 

50.47 

0.00 

7.79 

0.00 

Other  fuels 

0.00 

0.00 

0.00 

40.55 

3.51 

Seeds 

76.64 

96.59 

0.00 

21.19 

0.00 

Transportation  stage 

10.84 

10.17 

0.00 

36.83 

37.92 

Crushing  and  refining  stage 

181.98 

381.31 

400.28 

212.50 

194.86 

Diesel 

0.00 

114.62 

0.00 

0.00 

0.00 

Chemical 

6.31 

6.32 

0.00 

0.00 

5.90 

Electricity 

17.85 

35.05 

85.76 

69.48 

188.88 

Other  fuelsa 

157.82 

225.31 

314.52 

143.02 

0.07 

Transesterification  stage 

175.29 

130.75 

237.35 

187.93 

109.49 

Diesel 

0.00 

0.00 

0.00 

0.00 

0.00 

Chemical 

135.10 

130.57 

220.03 

122.77 

109.49 

Electricity 

1.80 

0.19 

17.33 

11.13 

0.00 

Other  fuelsa 

38.39 

0.00 

0.00 

54.03 

0.00 

Output  (kJ/MJbiodiesel) 

2702.76 

2486.36 

1000.00 

2881.83 

1629.47 

Biodiesel 

1000.00 

1000.00 

1000.00 

1000.00 

1000.00 

Co-products 

1702.76 

1486.36 

0.00 

1881.83 

629.47 

a  Lubricants  are  considered. 


Table  10 

NER  for  biodiesel  production  from  soybean. 


Studies  Input  (kj/ 

Output  (kj/ 

NERtotal 

NERbiodiesel 

NERaiiocated 

MJbiodiesel) 

MJbiodiesel) 

Capaz  [93]  648.11 

2702.76 

4.17 

1.54 

8.57 

Cavalett  and  1023.75 

2486.36 

2.43 

0.98 

4.80 

Ortega  [95] 

Tsoutsos  et  al.  861.88 

1000.00 

1.16 

1.16 

1.16 

[96] 

Pradhan  et  al.  647.71 

2881.83 

4.45 

1.54 

9.08 

[97] 

Carraretto  740.36 

1629.47 

2.20 

1.35 

3.44 

et  al.  [98] 

Average 

2.88 

1.31 

5.41 

In  the  transesterification  stage,  the  methanol  represents  an  80% 
of  the  energy  input  in  this  stage  in  actual  conditions,  that  tends  to 
shift  the  chemical  equilibrium  and  accelerate  the  reaction  [147], 

Cavalett  and  Ortega  [95];  Tsoutsos  et.  al  [96]  and  Carraretto 
et  al.  [98]  have  not  recorded  the  fuel  input  in  the  steam  boilers. 
Pradhan  et  al.  [97]  used  natural  gas  for  this  purpose,  the  electricity 
consumption  was  significant,  reaching  10%  of  the  energy  con¬ 
sumed  at  this  stage  to  drive  the  pumps,  centrifuges,  and  mixers. 
The  total  energy  input  was  estimated  based  on  the  fossil  fuel  share 
in  each  input  presented  by  those  authors. 

Regarding  to  co-products  generation  in  the  process,  the  pro¬ 
duction  of  soybean  meal  is  significant  in  the  oil  extraction  stage. 
This  co-product,  commonly  used  as  animal  feed,  represents  more 
than  half  the  total  mass  production  in  the  biodiesel  production 
process,  in  the  transesterification  stage  0.15  kg  of  glycerol  was 
generated  per  kg  of  biodiesel.  This  co-product  is  commonly  used  in 
the  pharmaceutical  or  cosmetic  industry;  in  Tsoutsos  et  al.  [96]  the 
generation  co-products,  was  not  considered,  what  impacted  in  the 
final  indicators. 

Table  10  shows  the  energy  indicators  of  biodiesel  production 
from  soybean.  The  average  of  the  NERtotai  for  the  biodiesel 
production  chain  from  soybean  oil  was  2.88,  ranging  from  1.16 
(Tsoutsos  et  al.  [96])  to  4.45  (Pradhan  et  al.  [97]).  It  is  worthwhile 
to  observe  that  these  indicators  are  different  from  the  values 


presented  in  the  original  studies,  due  to  methodological  issues  of 
accounting  of  direct  energy  and  indirect  energy  in  inputs. 

The  energy  valuation  of  co-products,  particularly  soybean  meal, 
affects  the  obtained  results  among  the  studies  and  calculated 
indicators.  From  this  point  of  view  the  study  of  Tsoutsos  et  al.  [96] 
presented  the  lowest  indicators  basically  because  they  did  not 
consider  the  generation  of  co-products.  An  opposite  approach  was 
the  one  of  Capaz  [93],  which  considered  the  generation  of  5.66  kg 
of  soybean  meal/kgbiodiesei,  resulting  in  a  NERtotal  of  4.21.  The 
determination  of  NERauocated  considering  the  mass  nearly  doubles 
the  value  of  indicators  due  to  the  high  mass  fraction  of  soybean 
meal  in  soybean.  It  will  not  be  possible  to  compare  the  NER  of 
soybean  biodiesel  production  of  Hou  et  al.  [134]  because  this  study 
did  not  assess  the  energy  balances. 

Even  though  the  based  method  of  the  energy  content  can  be 
applied  to  the  energy  analysis  of  biodiesel  production  from 
soybean,  the  application  did  not  reflect  neither  the  use  of  indivi¬ 
dual  products  nor  the  energy  use  and  emissions  of  producing 
individual  products.  This  situation  indicates  a  relevant  limitation 
of  the  energy  based  analysis,  from  the  moment  that  the 
co-products  are  not  necessarily  used  as  energy  source  its  valua¬ 
tion,  according  to  their  heating  value,  can  result  in  a  wrong 
analysis  and  encourages  misinterpretations. 

43.2.2.  Palm  oil.  In  general,  the  biodiesel  production  system  from 
palm  oil  (Table  11)  is  characterized  by  relative  lower  inputs  in 
comparison  with  soybean  biodiesel  route,  due  to  the  high  yield  of 
the  crop  and  intensive  use  of  co-products  in  the  process.  In  all 
studies  the  use  of  residual  PPF  and  PKS  in  cogeneration  systems 
was  considered  to  supply  steam  and  electricity  to  the  extraction 
and/or  transesterification  process,  reducing  remarkably  the 
external  energy  demand.  In  soybean  biodiesel  production, 
442.34  kj  are  required  to  convert  the  soybean  oil  in  1.0  MJ  of 
biodiesel,  in  palm  oil  biodiesel  production  it’s  only  188.69  kj. 

Logistics  in  bioenergy  systems  have  a  great  impact  over  the 
energy  performance  of  the  production  chain.  Particularly,  in  the 
studies  in  Thailand,  the  consumption  associated  with  FFB  trans¬ 
portation  to  the  extraction  plant  and  the  CPO  transportation  to 
transesterification  facility  is  significant,  due  to  the  distance  of 
more  than  1500  km  in  Pleanjai  and  Gheewala  [103],  who  esti¬ 
mated  a  value  close  to  130.0  kJ/MJbiodiesei  in  this  stage.  In  the 
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Table  11 

LCEA  of  biodiesel  produced  from  palm  oil. 


Parameters 

Costa  [99] 

Kamahara  et  al.  [100] 

Papong  et  al.  [101] 

Souza  et  al.  [102] 

Pleanjai  and  Gheewala  [103] 

Input  (kJ/MJbiodiesel) 

239.01 

335.66 

389.23 

245.18 

412.27 

Agricultural  stage 

90.75 

81.23 

133.03 

59.33 

119.75 

Fertilizers 

64.65 

74.06 

104.98 

47.57 

99.57 

Chemical  application * 

8.55 

7.18 

13.93 

11.69 

18.41 

Diesel 

3.77 

0.00 

14.13 

0.00 

0.00 

Electricity 

0.00 

0.00 

0.00 

0.00 

0.00 

Other  fuels'3 

9.87 

0.00 

0.00 

0.00 

0.00 

Seeds 

3.91 

0.00 

0.00 

0.07 

1.76 

Transportation  stage 

0.83 

5.86 

31.14 

25.89 

130.07 

Crushing  and  refining  stage 

29.02 

7.67 

4.20 

6.49 

6.56 

Diesel 

7.13 

7.67 

2.29 

6.12 

5.77 

Chemical 

0.00 

0.00 

0.00 

0.00 

0.00 

Electricity 

0.00 

0.00 

0.00 

0.00 

0.00 

Other  fuels* 

21.89 

0.00 

1.92 

0.37 

0.79 

Transesterification  stage 

118.42 

240.89 

220.85 

153.47 

155.89 

Diesel 

0.00 

0.00 

0.00 

0.00 

0.00 

Chemical 

109.30 

152.92 

176.39 

106.63 

148.01 

Electricity 

9.12 

87.97 

0.12 

46.84 

7.88 

Other  fuelsb 

0.00 

0.00 

44.33 

0.00 

0.00 

Output  (kJ/MJbiodiesel) 

1052.87 

1110.63 

1464.43 

1074.96 

1478.89 

Biofuel 

1000.00 

1000.00 

1000.00 

1000.00 

1000.00 

Co-products 

52.87 

110.63 

464.43 

74.96 

478.89 

a  Boron  and  magnesium  are  considered. 
b  Lubricants  are  considered. 


Table  12 

NER  of  biodiesel  production  from  palm  oil. 


Studies 

Input  (kj/ 

Output  (kj / 

NERtotai 

NERbiodiesel 

NERa|iocated 

MJbiodiesei) 

MJbiodiesei) 

Costa  [99] 

239.01 

1052.87 

4.41 

4.18 

4.67 

Kamahara  et  al. 

335.66 

1110.63 

3.31 

2.98 

3.48 

[100] 

Papong  et  al. 

389.23 

1464.43 

3.76 

2.57 

6.69 

[101] 

de  Souza  et  al. 

245.18 

1074.96 

4.38 

4.08 

15.43 

[102] 

Pleanjai  and 

412.27 

1478.89 

3.59 

2.43 

4.88 

Gheewala 

[103] 

Average 

3.89 

3.25 

7.03 

opposite  side  Costa  et  al.  [99]  and  Kamahara  et  al.  [100]  presented 
lower  values  because  the  shorter  distance  between  plantation  and 
industry,  about  20  km  and  8  km,  respectively. 

In  the  transesterification  stage,  the  energy  cost  corresponding 
to  the  use  of  methanol  is  the  higher  energy  inputs  at  this  stage. 
Kamahara  et  al.  [100]  and  Papong  et  al.  [101]  appointed  higher 
energy  consumption  in  this  stage  due  to  the  use  of  electricity  from 
the  grid  and  fuel  oil. 

The  energy  output  of  the  whole  biodiesel  production  system, 
presented  lower  values  for  palm  oil  (an  average  of  1200  kj / 
MJbiodiesei)  in  comparison  to  soybean  biodiesel,  mainly  due  to  the 
use  of  co-products  in  the  system.  In  Souza  et  al.  [102]  the  glycerol 
generation  was  not  accounted  and  it  was  assumed  the  generation 
of  surplus  electricity  from  residual  PPF,  PKS  and  biogas  obtained 
from  the  POME,  considering  68%  boiler  efficiency.  In  this  study  it 
was  found  that  1.0  t  of  FFB  yields  of  14.0  m3  POME  or  25  kWh  of 
electricity,  as  an  average. 

Table  12  shows  the  energy  indicators  of  biodiesel  production 
from  palm  oil.  The  agricultural  yield  and  the  use  of  co-products  in 
the  process  guarantee  an  average  of  NERtotai  (3.89),  greater  than 
the  one  observed  in  the  soybean  case  (2.88).  In  Souza  et  al.  [102] 
the  generation  of  electricity  surplus  with  residual  PPF,  PKS  and 
biogas  were  accounted.  On  the  other  hand,  Papong  et  al.  [101] 


considered  the  output  of  these  residues  without  processing.  It  is 
interesting  to  comment  that  when  co-products  are  used  in  the 
biodiesel  process,  NERbiofuei  and  NERaliocated  are  closer  to  NERtotai, 
observed  in  palm  biodiesel  cases,  but  different  in  soybean  biodie¬ 
sel  chains. 

Silalertruksa  and  Gheewala  [135]  show  a  NER  for  palm  oil 
biodiesel  production  of  2.07,  considering  just  the  biodiesel  pro¬ 
duction  (without  co-products);  while  the  NER  of  biodiesel  con¬ 
sidering  them  co-products  are  4.30.  The  greater  value  of  NER  of 
biodiesel  plus  co-products  is  due  to  the  EFB,  which  is  currently 
being  dumped  in  the  plantation  or  in  the  mill,  being  used  as 
biomass  fuel.  Fig.  14  shows  the  calculated  results  of  NERbi0fuei  and 
Fig.  15  shows  the  calculated  results  of  NERtotai  for  all  the  evaluated 
studies. 


5.  Conclusions 

The  world  population,  requirements  for  food  and  feed  perma¬ 
nently  increases.  This  creates  growing  demands  for  production 
and  consumption  of  biofuels  in  the  last  years.  While  high  oil  prices 
favored  this  growth,  it  was  also  supported  and  drove  by  policies 
such  as  mandates,  targets  and  subsidies  catering  to  energy  security 
and  climate  change  considerations. 

The  study's  main  task,  to  make  a  serious,  multidirectional  and 
holistic  evaluation  and  comparison  of  the  environmental  life  cycle 
impacts,  complemented  with  an  energy  balance  of  two  most  used 
biofuels:  ethanol  and  biodiesel,  from  three  different  crops:  sugar¬ 
cane,  soybeans  and  palm  oil  tree  oils  respectively.  Moreover,  this 
paper  offers  a  novel,  original  and  exhaustive  comparison  of  the 
environmental  impacts  and  the  energetic  potential  of  two  of  the 
most  extended  used  biofuels. 

The  results,  in  the  praxis,  confirmed  that  the  methodology  used 
in  the  scientific  work,  reported  in  the  paper,  was  not  only  the  most 
appropriate  one,  but  also  gives  a  wide  view,  ensuring  a  solid  meta¬ 
analysis.  The  combination  of  the  data  available  in  Brazil  though  the 
CML  2  Baseline  2000,  with  the  selected  previous  studies,  using  the 
tool  of  the  Simapro  7.0.1  software,  upon  which  the  meta-analysis 
was  based,  was  a  fortunate  decision.  The  ecological  damages  were 
quantified  in  five  categories  of  environmental  impact  potentials: 
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Mocedo  el  al.  [94]/scenarIo  2 

Macedo  el  al.  [94]/scenario  1 

Base  study  -  Copaz  [93]/scenario  2 

Base  study  -  Copaz  [93]/scenarlo  1 


Pleonjai  and  Gheewalo  [103] 
Souza  et  al.  [102] 
Popong  et  ol.  [101] 
Kamahara  et  al.  [100] 
Base  study  -  Costa  [99] 


Carroretto  et  al.  [98] 
Prodhon  et  ol.  [97] 
Tsoutsos  et  al.  [96] 
Covalett  and  Ortego  [95] 
Base  study  -  Copaz  [93] 
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Fig.  14.  Comparison  between  NERbiofuei  results  for  sugarcane  ethanol,  soybean  biodiesel  and  palm  oil  biodiesel  of  the  evaluated  studies. 


ADP,  GWP,  HTP,  ACP  and  ETP.  The  application  of  LCA  as  a  tool 
during  the  decision  making  to  determine  which  technology  is  the 
most  appropriate  for  the  production  of  biofuels  from  an  environ¬ 
mental  point  of  view.  Results  on  environmental  impact  evaluation 
show  considered  differences  in  the  results  of  analyzed  studies. 

On  the  other  hand,  the  information  organized  in  the  this  paper, 
identifying  the  kind,  intensity  and  interrelations  of  aggressions, 
the  environment  has  suffered  several  detrimental  effects,  as  a 
consequence  of  the  production  of  the  so  called  “biofuels".  Those 
results  are  a  useful  reference  for  future  scientific  works  related  to 
the  development  of  new  technologies  and/or  an  effective  adequ¬ 
ateness  of  the  existing  ones,  for  the  production  of  biofuels,  with 
higher  efficiency,  effectiveness  and  safety,  looking  for  a  true 
sustainability.  The  study  is  complemented  with  the  consideration, 
in  each  case,  of  an  extended  boundary,  which  facilitates  a  detailed 
evaluation  of  the  influence  and  environmental  impact,  of  each 
significant  technological  step,  required  for  the  production  of  the 
analyzed  biofuels. 

It  is  significant,  in  all  cases,  the  major  role  of  the  transportation 
of  the  crops,  from  the  field  to  the  factory,  in  the  total  environ¬ 
mental  impact,  making  the  distance  a  limiting  factor  and  showing 
clearly  the  need  to  give  priority  to  the  development  of  ways  and 
means  to  reduce  it.  In  this  cradle-to-gate  LCA  carried  out  was 
observed  that  the  consumption  of  fossil  fuels  is  associated  with 
several  impacts,  such  as,  ADP  or  GWP,  that  indicates  the  necessity 
to  reduce  it  in  logistic  and  industrial  stages,  adopting  other 
alternatives.  LCA  pointed  out  the  fact  that  the  environmental 
impact  potentials  of  ethanol  and  biodiesel  vary  in  a  wide  range 
of  the  analyzed  impact  categories. 


The  reported  results  confirm  that  the  use  of  the  co-products 
and  residues  of  the  production  of  the  biofuels,  for  electrical  and 
thermal  energy,  through  cogeneration,  to  be  used  in  the  processes, 
improve  the  ecological  and  economical  benefits,  increasing  the 
appeal  of  the  ethanol  and  biodiesel  alternative.  The  use  of 
co-products  in  process,  to  generate  steam  and  electricity,  results 
in  good  indicators  because  it  decreases  or  cancels  the  external 
dependence  of  fossil  fuels  and  electricity,  and  allows,  in  some 
cases,  the  supply  of  renewable  electricity  or  fuels  to  use  in  other 
process.  This  practice  could,  in  some  cases,  represent  the  satisfac¬ 
tion  of  85  to  95%  of  the  total  energy  demand. 

A  wide  range  of  high  added  value  products  such  as  enzymes, 
organic  acids,  biopolymers,  electricity,  and  molecules  for  food  and 
pharmaceutical  industries  could  be  obtained  upgrading  of  indus¬ 
trial  co-products  of  biofuels  production.  Further  works  are  require 
to  have  a  more  realistic  consideration  of  the  co-products  and 
biomass  valorization  contribution  to  LCA  indicators.  The  LHV 
approach  for  soybean  meal,  glycerol  and  lignocellulosic  residues, 
such  as,  bagasse  and  sugarcane  trash  for  ethanol  production  and 
EFB,  PKS,  PPF  and  POME  for  palm  oil  biodiesel  production  have 
been  used  in  real  industrial  applications  process  on  animal  feed 
and  surplus  electricity  generation. 

In  ethanol  production  the  sugarcane  trash  represents  30%  of 
total  primary  energy  of  the  sugarcane  as  a  crop  and  it  has 
characteristics  very  similar  to  the  widely  sugarcane  bagasse,  which 
makes  it  a  very  good  fuel  to  supplement  bagasse  for  surplus 
electricity.  In  biodiesel  production  glycerol  is  recognized  as  a 
waste  with  numerous  applications  and  its  bioconversion  into 
high-value  added  metabolic  products  offers  a  significant 
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Fig.  15.  Comparison  between  NERtotai  results  for  sugarcane  ethanol,  soybean  biodiesel  and  palm  oil  biodiesel  of  the  evaluated  studies. 


advantage  in  the  efficient  management  of  biodiesel  production 
wastes  and  the  development  of  sustainable  technologies. 

Based  on  paper  data  it  is  possible  to  highlight  the  main 
potential  indicators  to  improve  the  environmental  and  energy 
performance  of  evaluated  biofuels  life  cycle,  such  as:  reductions  in 
fossil  fuel  inputs  in  the  agricultural  stage,  a  widespread  and 
efficient  utilization  of  wastes  for  agriculture  purposes,  substitution 
of  fossil  inputs  by  renewable  ones  and  increase  of  agricultural 
yields  and  industrial  recovery  efficiency. 

In  relation  to  net  energy  balance,  the  NER  results  for  evaluated 
biofuels  show  the  highest  value  for  sugarcane  ethanol  followed  by 
palm  oil  and  finally  soybean  biodiesel.  The  ethanol  presents  better 
indicators  than  biodiesel,  essentially  because  of  its  higher  effi¬ 
ciency  and  productivity.  In  fact,  the  excellent  performance  of 
sugarcane  as  a  solar  energy  converter  is  the  basis  of  Brazilian 
ethanol  sustainability.  Agricultural  productivity  differences  and 
fossil  input  in  vegetable  oils  transesterification  could  explain  these 
results.  From  the  point  of  view  of  the  agriculture,  the  reuse  of  the 
nitrogen,  phosphorus  and  potassium  ions  as  fertilizers,  by  the 
fertirrigation  with  stillage,  not  only  protect  the  soils,  but  also 
represents  a  net  economical  input.  In  some  case  is  possible  to  find 
remarkable  differences  in  the  results  from  one  to  another  biofuel, 
as  is  the  case  of  the  biodiesel  from  soybeans  and  palm  oil;  in  the 
first  case  442.34  kj  are  required  to  convert  the  soybean  oil  in  1.0  kj 
of  biodiesel,  in  the  second  one  only  188.69  kj  are  required. 

This  fact  indicate  the  need  of  very  serious  analysis,  considering 
in  every  case,  the  important  interrelations,  before  a  decision  is 
made;  always  having  in  mind,  when  considering  this  complex 
systems,  the  Aristotelian  holistic  principle  that:  “The  whole  is 


grater  that  the  addition  of  its  parts”.  From  all  the  above  considera¬ 
tions,  it  is  possible  to  conclude  that  there  is  still  a  long  way  to  go  in 
R&D  in  the  complex,  appealing  and  demanding  world  of  the 
biological  based  fuels. 

Brazilian  biofuel  programs  demonstrate  the  feasibility  of  a 
sustainable  way  for  renewable  fuels  utilization.  The  Brazilian 
government  is  funding  and  encouraging  academic  and  industrial 
R&D  projects,  and  is  also  creating  several  research  institutions, 
aimed  at  improving  the  sustainability  of  domestic  biofuels.  More¬ 
over,  Brazil  offers  an  excellent  opportunity  to  improve  the  energy 
performance  of  the  crops  to  biofuels  production,  the  economics 
and  the  sustainability  of  biofuels  production. 
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